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PREFACE

The California Energy Commi ssionds Energy Research and
energy research and development programs to spur i nnovation in energy efficiency, renewable
energy and advanced clean generation, energy  -related environmental protection, energy

transmission and distribution and transportation.

In 2012, the Electric Program Investment Charge (EPIC) was established by the Californ ia Public

Utilities Commission to fund public investments in research to create and advance new energy

solution s, foster regional innovation and bring ideas from the lab to the marketplace. The

California Energy Commi s s i ogastimvrestor-owned uslities t dePacific Gabr ee | a
and Electric Company, San Diego Gas & Electric Company and Southern Californ  ia Edison

Company & were selected to administer the EPIC funds and advance novel technologies, tools ,

and strategies that provide benef its to th eir electric ratepayers.

The Energy Commission is committed to ensuring public participation in its research and
development programs  that promote greater reliability, lower costs , and increase safety for the
California electric  ratepayer and incl ude:

A Providing societal benefits.
A Reducing greenhouse gas emission in the electricity sector at the lowest possible ¢ ost.

A Supporting Californiaés |l oading order to meet ener
and demand response, next with renewable energy ( distributed generation and utility
scale), and finally with clean , conventional electricity supply.

A Supporting low -emission vehicles and transportation.
A Providing economic development.
A Using ratepayer funds efficiently.

Deep Decarbonization in a High Renewables Future: Updated Results from the California

PATHWAYS Model is the final report for the Long-Term Ene rgy Scenarios project ( Contract

Number EPG14-069) conducted by Energy and Environmental Economics, Inc. (E3) . The

information fromthi sproject contri butes to Energy Research and Devel
Program.

For more information about the Energy R esearch and Development Division, please visit the
Energy Commi s s i owwsnevweda.gav/tegeareht or contact the Energy
Commission at 916 -327-1551.
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ABSTRACT

This project evaluates long -term energy scenarios in California through 2050 using the
California PATHWAYS model . These scenarios investigat e options and costs to achieve a 40
percent reduction in greenhouse gas emissions by 2030 and an 80 percent reduction in
greenhouse gas emissions by 2050, relative to 1990 levels.

Ten mitigation scenarios are evaluated ,each desi gned t o agekrhasegas he st ated
reduction goals subjectto a changing California climate . All mitigation scenarios are

characterized by high levels of energy efficiency and conservation , renewable electricity

generation, and transportation electrification.

The mitigation scenario s differ in their assumptions about biofuels and building electrification,
among other variations. The High Electrification scenario is found to be one of the lower -cost
and lower -risk mitigation scenarios , subject to uncertainties in building ret rofit cos ts as well as
implementation challenges

This research highlights the pivotal role of theconsumer i n meeting the stateds cli
To achieve high levels of adopti  on of electric vehicles , energy efficiency and electrification in
building s, near-term action is necessary to avoid costly replacement of long  -lived equipment in

10-15 years. Furthermore, market transformation  is essential to reduce the capital cost of
electric vehicles and heat pumps

Keywords: 2050 pathways, greenhouse ga s emissions, climate change, California long-term
energy scenarios , electrification, energy efficiency, low  -carbon biofuels, low -carbon electricity

Please use the following citation for this report:

Mahone, Amber, Zachary Subin, Jenya Kahn -Lang, Douglas A llen, Viv ian Li, Gerrit De Moor,
Nancy Ryan, Snuller Price. 2018. Deep Decarbonizationina High Renewable s Future:
Updated Result s from the California PATHWAYS M  odel. California Energy Commission.
Publication Number: CEC500-2018-012
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EXECUTIVE SUMMARY

Introduction

This project evaluat es long -term energy scenarios thro ugh 2050 using a techno -econom ic
model known as the California PATHWAYS model. These scenari  os investigate options and
costs for Californi a in a changing climate to achi eve a mandated 40 percent reduction in
greenhouse gas (GHGSs) emissions by 2030, and an 80 percent reduction in GHGs b y 2050,
relative to 1990 levels

In 2017, California extended t h e s tCaptaeddTgade Program through 203 0 (Assembly Bill
398, Garcia. Chapter 135. Statutes of 2017). The carbon price resul ting from the Cap-and-Trad e
Program will help improve the econom ics of low -carbon alternatives, yet itis not clear whether
th e carbon price on its own will be sufficient t o close the gap between emissions reductions
achieved through current policiesandt he 2030 GHG target. The scenarios investigated in this
research suggest that a dditional upfront cost incentiv es or subsidies, technological
breakthroughs , and business and policy innovations may be  required . While this research does

not specifically addres stheroleofcapandtrad einmeet i ng t he statedts climate go
highlights the physical transformations of t he sédrgyecendmy thatn is necessary and the
challen ges in accomplishing that transformation for new equipment sales, megawatts of

renew able energy procured, and the prod uction of zero -carbon fuels.

Project Purpose

This project advances the un derstanding of whatis required for technology deployment and
other GHG mitigation strategies  if California is to meetits long -term climate goals. This
research provides researchers and policy makers with infor mation about key choices that could
lower the costsofmeeting t he st ateds GHG .Mamabuers thisanalysig dnedrpsrates
and evaluates the implications of the expected impacts of ¢ limate change on the elect ricity
system through 2050 to inform Cal i f o faouitha @imate Change Assessment.

This research addresses th e key questions:

1 What are the pri ority, near -term strategies in the areas of scaling -up deployment, market
transforma tion and reach technologie s needed to achieve Cal i f or niaad2§502 0 3 0
GHG reduction goals?

1 What are the risks to, and poten tial costimplicationsof ,meet i ng t hGHGgdalat e s
if key mitigation strateg  ies are not as successful as hoped?

Project Pr ocess

Long-term energy sc enarios through 2050 are analyzed usin g the California PATHWAYS model,
an economy wide, technology -specific scenario tool developed by Energy and Environmental
Economics (E3) from 2009 through the present. The PATHWAYS scenarios | everage prior
research and analysi s from other state energy agen cies and from E3 , building upon and
expanding E 3 @rsor work



These scenario s use the latest research from the University of California Irvine (EPG14-074)
with results providing  the expecte d impacts of climate chang e on the electricity sector through
2050. These results specifically show a lower average availabili ty of hydroelectric generation
available to Ca lifornia and higher average temperatures , which result in lower heating demands
in b uildings and higher air  -conditioni ng demands.

In addition, researchersuse aleast-c 0st capacity expansi ociRendwallepat ch mode
Energy Solutions Model (RESOLVE, to test the impact of the PATHWAYS scenarios on the

California electricity grid . The RESOLVEmModel evaluate s least-cost capacity expansion options

for the California electricity sector and generation dispatch s olutions through 2050 using the

PATHWAYS scenario results of an electricity sector greenhouse gas constraint and a set of

electric ity demands . The modeled geography represent s the entire state (with simplified

assumptions in the rest of the Western Interco nnection) through  2050.

Key changes to these scenarios , relative to E 3 @ror work , include updated technology and fuel
cost ass umptions, with lower cost trajecto ries for renewable electricity , energy storage and
electric vehicles , and updated cost assum ptions for alternative fuel trucking technolo gies. The
analysis also includes a lower base  case assumption about the consumer cost of capital. In
addition, most sce narios consider a biofuels -constrained future , whereby only biomass waste

and residues are a vailable to produce biofuels from within the United States . Purpose -grown
crops are excluded fromth  ese scenario s because of the potential emissions fromin  direct| and-
use change. In these scena rios, biofuel production efficiencies and costs do not change over

time , result ing in relatively limited an  d high -cost biofuels.

Scenarios Evaluated

Three types of California long  -term energy scenarios are developed, includin g:

T A 0Ref e prdusioessd-as-usual scenario, reflecting policies  prior to the passage of
Senate Bill (SB) 350 (33 percent Renewable s Portfolio Standard from 2030 through 2050
and historical levels of energy efficiency savings)

1 A énate Bill 350 6 s cice whah reflects the impact of SB 350 (De Ledn, Chapter 547,
Statutes 2015, which require s a 50 percent Renewables Portfol io Standard by 2030 and a
doubling of energy efficiency savings relative to historical goals) , as well as other
policies thatwere in place as of 2016, including vehicle electrification and  reductions in
short -lived climate pollutants by 2030

1 OMitigation éscenariosare eval uat ed which meet the stateds 2030
using different combinatio  ns of greenhouse gas reduc tion str ategies. The doHigh
Electrifica tion 6 scenario is one of the ten mitigation s cenarios evaluate d, which meets
t he st at edgasmlsusihg a@ausible combination of  greenhouse mitigation
technologies.

Scenarios test the impact of over - or underpe rformanc e on key technology deployment
trajectories to assess potential cost risks, and to identify priority areas for near -term acti on for
deployment, mar ket transformation, and o0r e aqured toreeeth heol ogi es



2050 greenhouse gas tar get. A r each technology is a technolog y not widely commercialized

today but has been demonstrated ou  tside of laboratory conditions an d has the pot ential to
mitigate emissions from sectors that are currently difficult to address. Ten mitigation scenarios

are develo ped in total to help identfy whi ch strategies are most

criti

2030 and 2050 greenhouse gas goals. T hese scenario s are used to identify key technology risks
and to evaluate the robustness ofthest at eds c | i mat d¢ratagie $if ogesstraiegyrmoes

not del iver greenhouse gas reductions as expected.

The report focuse s on the High Electrification scenario, which is one of the lower -cost, lower -

risk mitigation scenarios. This scenario includes hi gh levels of energy effici ency and
conservation, renewable elect ricity, and electrification of buildings and transportation, w
reliance o n biomethane in the pipeline to serve mainly industrial end uses. The High

ith

Electrification scenario assumesatransi t i on of t he mdframh aiding natutalighsdoi
low -carbon electric ity for heating demands . This transition presents a  suite of impl ementation
challenges including uncertain feasibility andcosts of retrofitting the

stock, equity and distributional cost im pacts, as well as consumer acc eptance.

Project Results

cal t

stateds e

Achieving Cal i f or swilduddamec htallsnet angbal m t h egy econamye 6 s

requiring high levels of energy efficiency and conservation, electrific ation of vehicles, zero
carbon fue Is and reductions in non -combu stion greenhouse gases. Me et i ng t he

ene

stateds 2C
climate goals require s scaling up and using technologies al ready in the market such as energy
efficiency and renewables, while pursing aggressi ve market transformation o f new te chnologies
that have not yet b een utilized at scale in California ( for example , zero -emissio n vehicles and

electric heat pumps). Inadditi on, at | east one Oreachdé technology that
commercially proven will likel  y be necessary to help mee tthe 20 50 greenhouse gas goal, and to
mitigate the risk of other greenhouse gas reduction solutions  falling short
To achieve high levels of con sumer adoption of zero  -carbon technologies, particularly of
electric vehicles and en ergy efficiency and electr ic heat in buildings, market transform ation is
needed to bring down the capital cost and to increase the range of options available. Market
transf ormation can be facilitated by:
1. Higher carbon prices, such as those created by the stateds cap aowdcartbanade and
fuel standard programs, whi  ch reduce the cost differential between low -carbon fuels
and f ossil fuels .
2. Codes and standards, regulations  and direct incentives, to reduce the upfront cost to
the customer .
3. Business and pol icy innovations, to make z  ero-carb on technology options the chea  per,
preferred solution compared to the fossil fueled alternat ive.
Table 1 summar izes the key strategies identified through this research that should be
prioritized for scaled-up use, market transfor mat i on, and as ogiegthatnmpbet ec hnol

crucial to meetthe 2050 greenhouse gas targ et.



Table 1: Priority GHG Reduction Strategies

Scale Up & Deploy

2030 Indicative Metrics

Key Challenges

Energy efficiency in
buildings & industry

Deployment of LED lighting, higher efficiency
plug loads, improved shell in existing
buildings, continued improvements and
enforcement of building codes, industrial EE

Consumer decisions and
market failures

Renewable electricity

7071 80% zero-carbon electricity with
renewable integration solutions: flexible
loads, market-based curtailment, cost-
effective grid storage

Implementation of
integration solutions

Smart growth

Reduced vehicle miles traveled through
increased use of public transit, walking,
biking, telepresence, and denser, mixed-use
community design

Consumer decisions and
legacy development
patterns

Market
Transformation

2030 Indicative Metrics

Key Challenges

Zero-emission light-
duty vehicles (ZEV)

At least 6 million ZEVs, >60% of new sales
are ZEVs, drivers have access to day-time
charging stations and time-of-use charging

Consumer decisions and
cost

Advanced building
efficiency/electrification

50% of new water heater and HVAC sales
are high-efficiency heat pumps

Consumer decisions,
equity of cost impacts, cost
and retrofits of existing
buildings

Fluorinated (F)-gas
replacement

Replace F-gases with lower global warming
potential (GWP) refrigerants

Standards needed to
require alternatives

Methane capture

Methane capture from manure, fugitive and
process emissions, landfills, and
wastewater

Small and diffuse point
sources

Reach Technologies

2030 Indicative Metrics

Key Challenges

Advanced sustainable
biofuels

Demonstrated use of sustainable, carbon-
neutral biomass feedstocks to produce
commercial-scale biofuels

Cost and sustainability
challenges

Zero-emissions heavy-
duty trucks

Commercial deployment of battery-electric
and/or hydrogen trucks

Cost

Industrial electrification

Cost-competitive electrification of industrial
end-uses, including boilers, machine drives,
and process heating

Cost & technical
implementation challenges

Electrolysis hydrogen
production

Improved cost and efficiency at commercial
scale. Business model for flexible hydrogen
production.

Cost

Source: E3




Hig h Electrification =~ Scenario Dir ect Costs Compared to the Reference Scenario

Thenetcostof t ransforming the stat e dav-carbboesysieyn iseetativelyo my

small. Fuel savings from reduced consumption of gasol ine, diesel and natural ga s help o ffset
the higher capital costs  associated with low -carbon technologies. The estimated 2030t  otal
direct cost, (excluding health and climat e benefits), tomeet t he stateds cli

a savings of $2 billion pe ryear to net costs of $17 billion per year, with a base case re sult of $9

billion per year in 2030 . This amount is less than the recovery costs associated with one large
natural disaster, such as the recent 2017 wildfires in Northern California. Put diffe rently, the
estimated 2030 cost of reducing statewide greenhouse gas emissions by 40 percent is likely to

range from a savings of 0.1 percent to costs of 0.5 percent ofCali f or ni ads gr oss
and the societal benefits of the GHG reductions achie ved are likely to outweigh  these costs. For

example , in other st udie s, the estimated health benefits  associated with reducing GHG
emissions , and thus improving air quality , have been estimated to exceed these direct costs.

The upfront capital cost investm  ent, however, is still significant , and is spread across both
busine sses and households & some of which have better accessto  low -cost capital than others.
Long-term fuel s avings, or even lifecycle cost savings, may not convince businesses and
households t o make the switch to newt echnolog ies with which they have littl e experience . A

key challenge is convincing millions of househ olds and businesses to adopt these technologie s

and become the drivers of change to alow  -carbon economy.

Finally, this study agg regates statewide costs an d benefi ts, explicitly excluding  the effect of
state incentives and in  -state transfers, such as Cap-and-Trade, the L ow Carbon Fuel Standard ,
and u tility energy efficiency programs. Costs borne by individual households will differ from
the average and will depend o n policy implementation. Furth er research could investigate the
cost implications of specifi ¢ state policies on individuals and businesses

Uncertainty in Scenario Analysis

While these models produce numerically precise results, the long -term gre enhouse gas
reduction scenarios resulting from the modeling are neither predictions nor forecasts of the

to a |

mate goa

state g

future. Several key assumptions , however, couldchange t hi s st udy&és fi migh ngs about

Electrification scenario as one o f the lower -cost, lower -ri sk decar bonization pathways . First,
biofuels could be available at lower cost than modeled here, par ticularly if sustainability
concerns with purp ose-grown crops are addressed, or if other jurisdictions continue to lag

California in decarbonizing their eco nomies and so do not rely on adva nced biofuels , resulting

in more of the global biofuel supply being available to California. ~ Second, high costs a ssociated

with retrofitting existing buildings for electric heating could significan tly increase the cost of
the High Electrification scenario . This scenario assumes that building electrification could
proceed in California without requiring costly early r etirement of end -use equipment, and

without creating cost equity impacts for natural gas customers which must be mitig ated. These

assumptions deserv e further research and inquiry.



Benefits of this Research to California

This research has evaluated option sfor meet i ng the stateds economywi de

including assess ing the potenti al effects on and implicat ions for the electricity sector. This
research provides decision -makers and researchers with informa  tion about the cost
implications and emissions  tradeoffs between different greenhouse gas mitigation strategies
focusing on 2030 versus thos e focusing on 2050, and it highlights the pivotal role of the
consumer tohelp meet the stateds climate goal s.

Furth ermore, this research has helped fund the develop ment of widely used energy and
electricity sector planning tools, including the California PATHWAYS model a nd the electricity
sector capacity exp ansion and dispatch RESOLVE model . These energy and electricit y planning
tools have been, and continued to b e, used by many California state agencies to provide unique
insights into  how the el ectricity system may evolv e during the next 15 to 30 years to ac hieve
state goals .

The benefits of this project and research will continue to expand as future projects bu ild on
this work and through ongoing research and policy discussions within and outs ide Califo rnia
on how to a chieve d eep reductions in greenhouse g as emissions.

c |



CHAPTER 1:
Meeting Cal i ftemClina @te Goals n ¢

Introduction

Climate change presents devastating risks to human health and welfare, the global economy

and ecosystems wo rld -wide (IPCC, 2014). The impacts of climate change are already being
observed globally, and in California specifically, with increased temperatures, higher incidence
of w ildfires, and changes to snowfall, snowmelt and precipitation patterns (CEC 2012, an d
Kadir et al, 2013).

California is aiming to reduce its greenh  ouse gas emissions (GHG) while creating an energy
system that is resilient to climate risks, spurring innova tion and a low -carbon transition
nationally and internationally . Cal i f or neig@® are ambng themost ambitio us in the
country. Gadsenbly Bil32 (dldhez, Chapter 488, Statutes of 2006) requ ires reducing
statewide GHG emissions to 1990 levels by 2020, while Senate Bill 32 (Pavley, = Chapter 249,
Statutes of 2016) require s reducing statewide emiss ionsto 40% below 1990 levels by 2030. The
st at e 6-®rmiclimatggcommitment, laid out in Execulti ve Order S -3-05, calls for an 80%
reduction in  GHGs below 1990 levels by 2050 ( Figure 1). While ambitiou s, these goals represent
the minim um level of carbon abatement  scientists believe is necessary globally to stave off the
effec ts of catastrophic climate change (IPCC, 2014)

Figure 1: California Greenhouse Gas Emissions Goals
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Pillars of D ecarbonization

This work, and other related an  alyses, has shown that with aggressive technology deployment
and adoption it is poss ible for California to ach ieve its long -term carbon r eduction go als
(Williams et al, 2012; Wei et al, 2012 and 2014; CCST, 201 1; ES3, 2016) . In fact, the broad
strategies ne cessary to mitigate the worst impacts of climate change are well understood, and



similar mitigation strategies  are seen in research effor ts, regions and geographies (for example
DDPP, 2015 and United States Whi te House Mid -Century Strategy for Deep Decarbo  nization,
2016). These critical decarbonization strategies are illustrated in Figure 2 and include energy
efficiency and ¢ onservation, electrification, low  -carbon fuels (including elec tricity) , and reducing
non -combustion GHG emis sions.

Figure 2: Pillars of Decarbonization

Energy Reduce non-
efficiency & Electrification Low-Carbon combustion
conservationj N ) Fuels ) GHGs )

Industrial Industrial Nug::&f:;?” SOillgl& f‘?restbcarbon
ici ificati ack carbon*®
efficiency electrification Storage*
Building efficiency Building Biofuels F-gases, N,0, CO,
& conservation electrification from cement
Vehicle Vehicle and Renewables Methane
efficiency & freight and (manure, dairy,
smart growth electrification hydroelectric gas leaks, etc.)

*Nuclear, carbon capture and storage, black carbon emissions and land-use, land-change and forestry emissions are not
included within the scope of this analysis.

Source: E3

Energy effic iency and conservation are  essential in all sectors of the economy: indust ry,

buildi ngs and transportation. EI  ectrific ationis necessary toreducet he st ateds reliance o
fuels, primarily in transportati on, but also potentially in buildings and indu stry, if other
decarbonization strategies such as biofuels are in limited supply, or if other mitigation

strat egies do not deliver as much GHG reduc tions as hoped. Furthermore, vehicles, buildings

and industrie s must be powered with low  -carbon fuels. The | argest source of low -carbon fuel in
a decarbonized future is like  ly to be renewable electricity, particularly  in Calif ornia whe re
renewable resource s are plentiful. Low carbon fuels can also be produced with nu clear power,
fossil electricity generation wit h carbon capture and sequestration, biofuels , or using low -
carbon electricity to pro  duce fuel, such as electro lysis to make hydrogen (this pathway is called
power -to-gas). Finally, non -combustion greenhouse gas emissions must be reduced , including
soil and forest carbon emissions  and those from fluorinated ( F)-gases, methane leakage, cement
manufacturing and  bioge nic (pro duced by living organisms) sou  rces.



There is limited substitutability among these pillars

upon switching most end use energy consumption t
low -carbon fuel, suc h as biofuels, is limited, then increasing

hydrogen is required

(Figure 3); all mitigation scenarios rely

o low -carbon fuel sources.
use of decarbonized electricity and

If one source of

Figure 3: Progress is Required Under the Four Pillars
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Scenario Design Philo  sophy

This analysis does not evaluate
capture and stor age, with or without us

the possibility of

new nuclear power or

generation with carbon

ing biomass, in California . These options are explored in

more detail elsewhere ( for ex ample Rhodes, 2015; Sanchez, 2015; Long, 2014 ). Instead, these
scenarios focus on the limits and implications of
the dominant strategy for low -carbon electricity in California today

Furthermore, this analysis

assumes t hat

GHG emissions , which would require significan
which has seen net po sitive emissions from natural and working lands, largely due to wildfires

This assumption , that in the futu
emissions, is consistentwi t h
lands into a carbon sink, achieving at least

a high renewable electric

C a | atufaleandrwbrking Ends emit
t improvements over histor

re California will be able to mitigate existing land
Cal i forni &té turnptohlei csyt agtoead s
net-zero GHG emissions, if not

ity futu re, which is

net-zero
ical exp erience,

-use

net negative GHG

emissions ( CARB, 2017 a). In this framework, sources and sinks from natural and working land

are not explicitly modeled,

not currentl

i nlarge part because emissions from th

ncluded

y i

ese sources and sinks are

n aingu r al

and

n tehtey. $Sléwantetbodssare BdihGg developed | o n i
for California creating improved retrospective and current estimates of

GHG emissions from
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natural and wor king lands . This on -going rese arch may enable a better representation of
emissions from natural and working la nds in this kind of scenario analysis in the future
(Battles, 2013; Gonzalez, 2015; Saah, 2016 ).

Continued Eco nomic and Population Growt h

These evaluated scenarios assume the current population and economic growth trends

continue through 2050. * While t hese scenarios evaluate the im pact of limited changes to

current energy consumption behaviors , such as the impact of smart growth policiesa nd some
building energy savings from behavioral conservation, these changes are relatively minor
compared to what co uld be possible with major soc ietal behavioral changes. For example, the
scenarios do not consider a major shift t owards vegetarianism or wi  despread abandonment of
private vehicl es to meet personal transportation needs.

Limited Reliance on Advanced, Susta ina ble Biofuels

Biofuels, ( such as ethanol, biodiesel, wood, renewable diesel, renewable gasoline and

biomethane) represent a source of low -carbon e nergy to California. Even thou gh the CO,

emissions from burning these biogenic fuels would have occurred anyway as the biomass

decayed, th ese fuels are considered net carbon neutral in the stateds greenhouse ¢
inventory, which is based o nthe 20 06 IPCC guidelines. As such, t his study treats biofuels as net

carbon neutral fuels.

This study limits the sup ply of available biofuelsi n three important ways . First, most scenarios
exclude using purpose -gr own cr emer gl ar ops 6 fuél reeaurce shpply Htheo
exceptionis t he oOlhii @mas s é sTheexdudead energy crops include conventional foo d
crops such as corn and su gar cane, as well as plantation forestry  and high -yielding perennial
grasses like mi scanthus. Thi s st undayy &ata gourde for the biomass suppl vy curves, the
U.S. DOE Billion Ton Update Study , includes purpose grown feedstock s that are estimated to
avoid indirect land -use change. However, other credible studies find that the risk of a net
increase in emissions from na tural and working lands is lar  ge and poo rly quantified (Plevin et

al, 2010; Melillo et al, 2009; Searchinger, 2  008). As a result, most sce narios apply this more
restrictive biomass screen to avoid the risk that the cultiva tion of biomass for biofue  Is could
result in increased GHG emiss ions from natural or working lands.

Second, most scenarios assume that Californi a has access to its in -stat e supply of waste

biomass feedstocks , and up to its population  -weighted share of the United States supply of
sustainab le biomass, based on Jaffe et al, 2017 a nd U .S. DOE, 2011 (with the exception ofanin -
state only biomass scena rio). This means that most scenarios limit total biomass resources to
equate to approximately 12% of the U.S. supply of waste feedstocks. None of the scenarios
assume that Cal ifornia im ports biomass or biofuels from outside the U.S. or that California uses

more than its population  -weighted share of the U.S. biomass supply. This assumption is based

1 Population growth for ecasts are based on the California Department of Finance projections
from 2014. Economic growth trends are implicitly included in PATHWAYS via benchmarking to
the California Energy Commission bas  eline forecast (CEC, 2016 ).
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on the scenario d esign philosophy that as C  aliforni a continues to decarbonize its  energy
economy, the rest of the U.S. and the world will also do so, claim ing access to their own
supplies o f biomass and biofuels. By applying these assumptions of limited biomass, the
scenarios create decarbonization  strateg ies for California that could be replica ted in other
biomass -constrained parts of the world seeking to follow a similar decarbonization tr  ajectory.

Finally , the scenarios do not assume breakthroughs in the cost or convers ion efficiency
performance of biof uels technology over time. Thi s leads to relatively conservative forecasts of
future costs of biofuelsinalls  cenarios.

Research Questio ns

While the broad pillars of decarbonization are generally well -understood, i tis less well -
understood what the bigg est deployment and technology  risks are in achieving these  long -term
plans, and how an understanding of those r isks might shape polices an d the research agenda
today . This research address es that gap by asking the fol lowin g research questions:

1 What are p riority, near -term areas for C alifornia to achieve 2030 and 2050 greenhouse
gas reduction goals? This question  is evaluated for priorities in scaling-up deployment ,
mar ket transformation and o0reachoé technologi es.

1 What are therisks and potentialco stimpli cati ons of meetGHGgoalsihe stateds
key mitigation strategies are  not as successful as hoped?

Through a better understanding of  the cost, climate, technology adoption, and technology
development risks, California , and other jurisdictions  that are also seeking to reduce GHG
emissions, can develop new policies or focused research and development effo rtsto help
mitigate these risks.

GHG Mitigation Strategies Tested

To guide the analysis, the study team synthesized key greenhouse gas mitiga tion str ategies to
be modeled in PATHW AYS, testing their importance and associated risks. These strategies

inclu de depl oying new technologies and socially -coordinated actions such as smart growth to
reduce vehicle miles traveled.  These strategies range fro m those with which the state has

exten sive experience ( for example , building energy efficiency) to nascent techn ologies that have
not been commerc ially developed ( for example renewable hydrogen). However, the study team
excluded s trategies that would requi  re drama tic fundamental innovation bef  ore they could be
deployed, such as nuclear fusion, as well as uncertain e vents t hat could affect energy dem and
and GHG emissions but are outside the control of California decision -makers, suc h as an
earthquake or a na tional o r global economic shock.

The GHG mitigation strategies tested  using the long -term energy scenarios incl ude:

1. Building energy efficiency (EE), including conventional EE such as LED lightbulb
substitution and advanced EE in  cluding building retrofits and ele ctrification
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2. Renewable electr icity , including solar, wind, geothermal, and small hydropower.
Renewable integra tion solutions such as flex ible building and vehicle loads, renewable
diversity including out  -of -state renewabl es, energy storage , and fl exible h ydrogen
electrolysis are teste d as well.

3. Smart growth that reduces light -duty vehicle milest raveled and incre ases the share of
higher -density new construction buildings, shifting towards more multi -family homes.

4. Mitigat ion of non -combustion emis sions , including methane , CO, from cem ent
production and many F-gases. Mitigation of black carbon was not evaluated.

5. Zero-emission light -duty veh icles, including plug -in hybrid (PHEVS), battery -electric
vehicles (BEVs) and hydrog en fuel -cell electric vehi cles (FCEVS).

6. Heat pumps for buildings to replace natural gas heating in both HVAC and water
heating, as well as electr ification of other building end uses, including cooking and
clothes drying.

7. Biofuels to replace liquid and gas eous fossil fuels. The focus is on advanced,
sustainable biofuel s, excluding corn and sugarcane ethan ol.

8. Industrial energy effi ~ ciency and electr ification.

9. Solutions for trucking and freight  including alternative  -fuel trucks such as hybrid -
electric or comp ressed natural gas (CNG), along wi th zero -emission trucks includ ing
battery -electric vehicles ( BEVs) and fuel cell -electric vehi cles (FCEVS).

10. Hyd rogen as an energy carrier, modeled here as hydrogen produced from centralized,
grid -connected proton -exchange membrane ( PEM) electrolysi s for us e in vehicles and , in
small vo lumes, as a natural gas replacement in the pipeline.

11. Production of climate -neutra | fuels , modeled here as sy nthetic methane produced via
the reaction of CO , captured from the atmosphere or sea  water with renewably -produ ced
hydr ogen. As an emerging technolog v, this option is only evaluated in one of the ten
scenarios.

Each of these gree nhouse gas mitigation strat  egies are tested in different combinations with
different timing and levels of deplo yment in the scenarios and  sensiti vities, as discussed below.

Scenarios Evaluated

Three types of California long  -term energy s cenarios are devel oped, including:

T A ORerdcecade or mssualseesaso, reflecting policies before the passage of
Senate Bill (SB) 350, specifical ly the 33 percent Renewable Portfolio Standard from 2030
through 2050 and historical levels of energy efficiency saving s.

T An 0SB 3500 schreflreasrthe mpactwff5B 350 (  a 50 percent renewable
portfolio standard by 2030 and a doubling of energy  efficien cy savings relative to

12



histori cal goals) as well as other current policies as of 2016, includ ing reductions in
short -lived climate polluta nts by 2030 .

T oMitigationdéd scenarios are eval uat e 80GME goalh
using differe nt combi nations of GHG reduction strat e g i e s . High Blectrifitation 6

scenario is one of the 10 mitigation scenarios evaluated, which meetsthe st at ed s

goals using a plausible low -cost, low -risk combination of GHG mitiga  tion technologies.

Ten mitigation scenarios are developed to he Ip identify which strategies are most critical to
meetingthes t at e 6 s 2 0 B300GH@ godls. Ph@se scenari 0s also isolate the estimated cost

and GHG implications of key uncertainties and are used to evaluate the robu stness o f the
stateds c | i omestrategianif anée gratdgy does not deliver GHG reductions a S
expected.

Refer ence Scenario

The Reference scenario reflects a California GHG emissions trajectory based on energy policies

th at were in place priorto 2015, in cluding the 33% Renewables Por tfolio Standard (RPS). The
Reference scenario excludes the impa  cts of SB350, and other recent climate polic ies and
initiatives such as the short  -lived climate pollutant strategy required by S enate Bill 1383 (Lara,
Chapter 395 , Statutes of 2016). Key assum ptions in the Reference scenario are summarized in
Table 2.

Table 2: Key Assumptions in the Reference Scenario

Pillar of GHG ) )
. Sector & Strategy | Reference Scenario assumptions
Reductions
Approximately 26,000 GWh of electric efficiency, and 940
Building electric & million therms of natural gas efficiency in buildings, relative to
natural gas baseline load growth projections (approximately equal to the
efficiency 2016 CEC IEPR additional achievable energy efficiency
(AAEE) mid-scenario)
Efficiency
Transportation Federal vehicle efficiency standards (new gasoline auto
smart growth and averages 40 mpg in 2030). Implementation of SB 375 (2%
fuel economy reduction in vehicle miles traveled (VMT) relative to 2015)
Industrial efficiency | CEC IEPR 2016 AAEE mid-scenario
L Building
Electrification L None
electrification
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Zero-emission
light-duty vehicles

Mobile Source Strategy from the Vision Model Current Control
Program scenario: 3 million light-duty vehicle (LDV) zero-
emission vehicles (ZEVs) by 2030, 5 million LDV ZEVs by 2050

Zero-emission and
alternative fueled
trucks

Mobile Source Strategy from the Vision Model Current Control
Program scenario: 20,000 alternative-fueled trucks by 2030

Zero-carbon

Current RPS procurement achieves ~35% RPS by 2020,
declining to 33% RPS with retirements post-2030. Includes

electricity current deployment of pumped storage and the energy storage
Low carbon mandate (1.3 GW by 2020). No additional storage after 2020.
fuels
10% carbon-intensity reduction Low Carbon Fuel Standard
Advanced biofuels | including corn ethanol (1.2 billion GGE advanced biofuels in
2030 and 0.7 billion GGE corn ethanol in 2030)
Non- Reductions in L .
. No mitigation: methane emissions constant after 2015,
combustion methane and ) ) , )
) fluorinated gases increase by 56% in 2030 and 72% in 2050
GHGs fluorinated gases
Source: E3

SB 350 Scenario

The SB 350 scenario includes all of the assumptions in the Reference scenario, butad dsinth e
estimated impacts of SB 350, the California Air Resources Board ( ARB) Mobile Source Strategy
Cleaner Technolo gies and Fuels scenario and the Short-Lived Climate Pollutant Plan . These
impacts include a 50 percent RPSin 2 030, a doubling of energy  efficien cy savings relative to the

oaddi t i onal achievabl e

Energy Policy R eport by 2026 , higher adoption rates of ZEVs and reductions in non -combustion

GHG emissions.
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Table 3: Key Policies and Assumptions in the SB 350 Scenario

Pillar of GHG . .
. Sector & Strategy SB 350 Scenario, 2030 assumptions
Reductions
Approximately 46,000 GWh of electric energy efficiency
- , and 1,300 million therms of natural gas energy efficiency
Building electric & . o _ . S
. in buildings, relative to baseline load growth projections
natural gas efficiency ) .
(reflecting targets under California SB 350, statutes of
2015)
Efficiency

Transportation smart
growth and fuel
economy

New gasoline auto averages 45 mpg, implementation of
SB 375 (2% reduction in VMT relative to 2015)

Industrial efficiency

Approximate doubling of efficiency in Reference scenario

Electrification

Building electrification

None

Zero-emission
light-duty vehicles

Mobile Source Strategy: Cleaner Technologies and Fuels
scenario (4 million LDV ZEVs by 2030, 24 million by
2050)

Zero-emission and
alternative fueled
trucks

Mobile Source Strategy: Cleaner Technologies and Fuels
scenario (140,000 alternative-fueled trucks)

Zero-carbon electricity

50% RPS by 2030, Same energy storage as Reference,
10% of some building end uses and 50% of LDV EV

Low carbon charging is flexible
fuels

i Same biofuel blend proportions as Reference, less total

Advanced biofuels : . :
biofuels than Reference due to higher adoption of ZEVs

Non- Reductions in 34% reduction in methane emissions relative to 2015,
combustion methane and 43% reduction in F-gases relative to 2015, 19% reduction
GHGs F-gases in other non-combustion GHGs relative to 2015.
Source: E3

High Electri fication Scenario

The High El ectrification

Scenario includes all of the assumptions in the Reference and SB 35

scenarios, however, in ma ny sectors includes more aggressive adoption and deployment of GHG
mitigation strate gies to achieve the 2030 and 2050 GHG goals. These assumptions a re

summarized in

Tables 4 -6.
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Alternative Mitigation Scenarios and Sensitivities

In addition to the Hi  gh Electrification scenario, nine Alternative Mitigation scenarios are tested
whichmeett he st ateds 20 3HGgoals id PATAVBAYS Gsing differentc  ombinations of
mitigation technologies from the High Electrification scenario. These Alternative Mitig ation
scenarios fall broadly into two categories: (1) reduced reliance on a key mitigation  technology
choice within the stat e, with compensating GHG mitig  ation strategies used to meet the 2030

and 2050 climate goals; and (2) increased reliance on a key mit igatio n technology choice within
the state, with lower GHG mitigation in other sectors, to meet the 2030 and 2050 cl imate go als.
The cost s of these altern ative scenarios are then evaluated and compared to the High
Electrification scenario .

All of the scenarios i nclude relatively high levels of electrificatio  n; some of the scenarios result
in hi gher electric loadsthant he o0 Hdlgehct r i f i c at.iTlherdidtingaishegfeature of

the OHigh Electrification & scenario is that nearly a  full suite of GHG mit igatio n options is used,
including electric heat pumps in buildings.  Each of the Alternati ve Mitigation scenarios is
describ ed in Table 6.

In additionto these altern ative technology scenarios, one additional scenario ist est ed. o The

Climate Changed6 scenario tests the i mpactatsonf not
hydroelectric avai lability and building energy demand in  the scenario. All other scenarios
incl ude the effects of climate change.

Cost s ensitivities also probe unc  ertainties in economy -wide mitigation costs by changing key
cost inputs without chan  ging energy or emissions a ssumptio ns. Cost sensitivities are not
comprehensive but rather emphasize af  ew key cost inputs whose effects may brack et the
overall cost uncerta inty, including fossil fuel prices and demand -technology capital financing
rate.

The Role of Carbon Pricingan d Cap an d Trade

These scenariosdonot att empt to directly model or Cagpfamddlradet t
progra m (Assembly Bill 398, Garci a, Chapter 135, Statutes of 2017) will have on consumer
behavior or on business deci  sions through 2030 or beyo nd.

The cap and trade law requires th e ARB to set a carbon price ceiling, price containment points,
and define other d etails of the cap and trade  program. The impacts of cap and trade will
depend on the resulting carbon price, an d the carbon price willde pend on how far other
complementary po licies reduce greenhouse gas emissions, and the costs of alternative GHG
mitigati on options, including offse  ts and carbon permits from other linked jurisdictions, such
as Quebec, Canada or Ont ario, Canada.
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Table 4: Key 2030 Metrics for the High Electrification Scenario

Pillar of GHG
Reductions Sector & Strategy High Electrification Scenario, 2030 assumptions
10% reduction in total building energy demand relative
- . to 2015. Same level of non-fuel substitution energy
Building electric & . o .
natural gas efficienc efficiency as the SB 350 Scenario in non-heating sub-
g y sectors. Additional efficiency is achieved through
electrification of space heating and water heating.
New gasoline ICE light-duty autos average 45 mpg, 12%
Efficiency Transportation smart g g v g P9 °

growth and fuel
economy

reduction in light-duty vehicle miles traveled relative to
2015, 5-6% reduction in shipping, harbor-craft & aviation
energy demand relative to Reference

Industrial efficiency

20% reduction in total industrial, non-petroleum sector
energy demand relative to 2015, additional 14%
reduction in refinery output relative to 2015

Electrification

Building electrification

50% new sales of water heaters and HVAC are electric
heat pumps

Zero-emission
light-duty vehicles

6 million ZEVs (20% of total): 1.5 million BEVs, 3.6
million PHEVSs, 0.8 million FCEVs, >60% of new sales
are ZEVs

Zero-emission and
alternative fueled
trucks

10% of trucks are hybrid & alternative fuel (4% are BEVs
or FCEVSs), 32% electrification of buses, 20% of rail, and
27% of ports; 26% electric or hybrid harbor craft

Zero-carbon electricity

74% zero-carbon electricity, including large hydro and
nuclear (70% RPS), Storage Mandate + 6 GW additional
storage, 20% of key building end uses and 50% of LDV
EV charging is flexible

Low carbon
fuels 2.8 billion gallons of gasoline-equivalent (10% of
gasoline, diesel, jet fuel and other non-electric energy
Advanced biofuels demand); 49 million Bone Dry Tons of biomass: 57% of
population-weighted share excluding purpose-grown
crops
Non- Reductions in 34% reduction in methane emissions relative to 2015,

combustion
GHGs

methane and
F-gases

43% reduction in F-gases relative to 2015, 19%
reduction in other non-combustion CO2 & N2O

Source: E3
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Table 5: Key 2050 Metrics for the High Electrification Scenario

Pillar of GHG : e . .

Reductions Sector & Strategy High Electrification Scenario, 2050 assumptions
Building electric & 34% reduction in total (natural gas and electric) building

Efficiency 9 energy demand, relative to 2015. Savings are achieved

natural gas efficiency

via conventional efficiency and building electrification.

Transportation smart
growth and fuel
economy

24% reduction in per capita light-duty vehicle miles
traveled relative to 2015, plus shipping, harbor-craft &
aviation energy demand 2030 measures

Industrial efficiency

20% reduction in total industrial, non-petroleum sector
energy demand relative to 2015, 90% reduction in
refinery and oil & gas extraction energy demand

Electrification

Building electrification

100% new sales of water heaters and HVAC are
electric heat pumps; 91% of building energy is electric
(no building electrification is possible, but requires
higher biofuels or power-to-gas), Moderate
electrification of agriculture HYAC

Zero-emission light-
duty vehicles

35 million ZEVs (96% of total): 19 million BEVs, 11
million PHEVs, 5 million FCEVs, 100% of new sales
are ZEVs

Zero-emission and
alternative fueled
trucks

47% of trucks are BEVs or FCEVs (31% of trucks are
hybrid & CNG); 88% electrification of buses, 75% of
rail, 80% of ports; 77% of harbor craft electric or hybrid

95% zero-carbon electricity (including large hydro), 84
GW of utility scale solar, 29 GW of rooftop solar, 52

Low carbon 7 b lectrici GW out-of-state wind, 26 GW incremental storage
fuels ero-carbon electricity | o6 storage mandate, 80% of key building end-uses
is flexible and 90% flexible EV charging; H, production
is flexible
4.3 billion gallons of gasoline-equivalent (46% of
gasoline, diesel, jet fuel and other non-electric energy
Advanced biofuels demand); 64 million Bone Dry Tons of biomass: 66% of
population-weighted share excluding purpose-grown
crops
Non- Reer]Jctions in 42% reduction in methane emissions relative to 2015
combustion ?et ane, d oth 83% reduction in F-gases relative to 2015
GHGs "gases and other 42% reduction in other non-combustion CO, & N,O
non-combustion GHGs
Source: E3
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Table 6: Alternative Mitigation Scenarios, Change in Measures Compared to the High

Electrification Scenario

Scenario name (reduced
reliance on key strategy)

Reduced reliance on key
mitigation strategy

Increased, compensating reliance
on mitigation strategies

No Hydrogen

No fuel cell vehicles or
hydrogen fuel

Industrial electrification, more BEV
trucks & BEVs, renewables

Reference Smart Growth

Less reduction in VMT

Industrial electrification, more
renewables

Reduced Methane
Mitigation

Lower fugitive methane
reductions (higher fugitive
methane leakage)

Industrial electrification, more ZEV
trucks, renewables

Reference Industry EE

Less industrial efficiency

More ZEV trucks, renewables

In-State Biomass

Less biofuels, no out-of-state
biomass used

Industrial electrification, more ZEV
trucks, renewables

Reference Building EE

Less building efficiency

Industrial electrification, more
renewables

No Building
Electrification with
Power-to-Gas

No heat pumps or building
electrification

Climate-neutral power-to-gas
(hydrogen and synthetic methane),
industrial electrification, more ZEV
trucks, renewables

Scenario name (increased
reliance on key strategy)

Increased reliance on key
mitigation strategy

Reduced, compensating reliance
on mitigation strategies

High Biofuels

Higher biofuels, including
purpose grown crops

Less ZEVs, renewables

High Hydrogen

More fuel cell trucks

Less BEVs, renewables

Source: E3

If no additional en ergy or climate policies ar
that the role of cap and tradeinmee t i ng
seen by the gap between greenhouse gas emission reductions achie

t he

e passed between now and 2030, it seems likely
s t a baks Wikl bec dignifiteantt ,eas cgn be

ved in the SB 350 S cenario

and the Mitigation Scenarios. If cap and trade is the primary policy mechanism to achieve

emission redu ctions between 2020 and 20 30, then the carbon price would likely
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towards the price ceiling, and greenhouse gas reduct ion s would be achie ved through consumer
price responses because of higher energy prices and longer -term investments in low  -carbon
technologies, including en ergy eff iciency, zero -emission vehicle s and zero -emissions fuels.

The more aggressive zero -emissio n technology adopti on assumptions included in  the Mitigation
scenarios could be achieved, in part, through higher carbon prices. C arbon prices reduce

emissi ons by i ncreasing the price of fossil  fuels relative to lower carbon alternatives. In this

way, cap and trade is likely to help incentivize higher ~ adoption rates of zero -emission vehicles
and energy efficiency, for example.

Carbon pricing , however, is not a panacea for zero -carbon technolog y adoption , because price
signals on their own cannot overcome a variety of market f ailures which may stand in  the way
(for example, upfront capital cost barriers and principal -agent problems). F or this reason, itis
expected that additional market transforma tion po licies will be necessary for California to
achieve its 2030 and 2050 GHG g oals. While the extension o f cap and trade through 2030 will
certainly helpto reduce GHG emissions , it may not be sufficient on its own .

Repor t Organization

This reportis organi zed as follows: Chapter 2 describes the research methods, including the

mo deling tools used and key a nalytical improvements achieved through this research . Chapter
3 discusses the resul ts for the main scenarios, includi ng the Reference, SB 350 and High
Electrification scenario. Chapter 4 discusses the  cost results and findings f  rom the Alternative
Mitigat ion cases and additional scenario. Chapter 5 provides conclusions . Additional detail s
about key input assumpti  ons and scenario results by sector are  provid ed in the Appendices.
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CHAPTER 2 :
Methods

The California PATHWAYS Model

This analysis uses the Calif ornia PATHWAYS model, an economy -wide energy and greenhouse
gas mitigation model, to  identify priority GHG mit  igation challenges in Californiathrou gha
series of scenario and uncertainty analyses.

The PATHWAYS modelis a long -horizon, technology -specific scenario model developed by
Energy and Environmental Economics, Inc. (E3). The mode | has been modified and im  proved o n
over time, including through funding from this  California Energy Commission  Electric Program
Investment Char ge grant. PATHWAYS includes detailed technology representa tion of the
buildings, industry, transportation and el ectricity sectors (includi  ng hourl y electricity supply
and deman d) and explicitly models stocks and replacement of bui Idings, building equipment

and appliances and vehicles . Demand for energy is driven by forecasts of population, building
square footage, and other energy service ne eds. The rate and type of technology a  doption and
energy supply resources are all user -defined scenario inputs. PATHWA  YS calculates energy
demand, greenhouse gas emissions, the portfolio of technology stock in selected sectors, as

well as capital costs and  fuel co sts and saving s for each year between 2015 and 2050.

The final energy demand projections are used to project en ergy supply stocks and fina |
delivered energy prices and emissions. Electricity rates are calculated endogenous ly to the
model based ont he scenar i ogéngration supply mix, h ourly electricity deman d and supply.
Likewise, delivered natural gas rates are ca  Iculated based on changesi n annual demand and

fuel costs, including the calculated cost of biomethane, hydroge n or other synthetic fuels  used
in the pipeline. Delivered costs  of gasoline, diesel an d other fuels include the blended costs of

the fossil fuel and biofuel. Fossil fuel p rice forecasts are exogenous inputs to the model, biofuel
prices are calculated endo genously to the model.

As atechno logy and energy -demand scenari o model, the model does not explicitly model
macroeconomic changes to the economy , nor does it endogenously  capture consumer price
responses, such as the impacts of carbon pricing or changes i n energy prices. The model
evaluat es greenhouse gas emissions ba sed on the emissions ac counting protocols used in the
Intergovernmental Panel on  Climate Change ( IPCC) Fourt h Assessment Report , consistent with
the California Air Resources Board statewide em ission inventory.

The mod el ultim ately calculates a broad range  of outputs, including  energy demand by fuel
type and sector by year, greenhouse  gas emissions by fuel type  and sector, and annual changes
in incremental capital costs and fuel costs, relative to a Reference scenario ( Figure 4). For more
detail about the PATHWAYS model methodology , see the Appendix B and E3, 2015.
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Figure 4: Flow Diagram of California PATHWAYS Model
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Cost Accounting Methodology and Technolo gy Improve ments Over Time

The PATHWAYS m odel tracks the annualized incremental cost of technologies compared to the
Reference scenario technology co sts, and the changes in fuel consumption. The cost accounting
framework can be considered as a total resourc e cost acc ounting, whereby the total cos tand
benefits of measures are calculated, without attributing those costs to con sumers, producers or
govern ment. Societal costs and benefits such as changes to air pollution or climate change

impacts are not conside red in PAT HWAYS. Federal tax incentives for renewable generation are
included, as these result in a net benefit to the st ate but these phase out ove r time consistent
with the legislatively determined schedule. The impact of the fede ral Renewable Fuel Standar d
progra m is not reflected in the biof ~ uel prices, since these are assumed to expire after 2022. The
effect of the Low C arbon Fuel Sta ndard on fuel prices is also not reflected, as these are
considered transfers within the state. G iven these assumptions, th e cost a ssumptions in
PATHWAYS close ly reflect the marginal cost of production absent state or federal subsidies.

The scenarios modeled here include assumptions about how the cost, efficiency and
performance of technologies ¢ hange over time. For techn ologies with rapidly changing capital
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costs, such as solar, wind, battery storage, LED lighting, and electric vehicles, both the cost s and
perform ance are assumed to improve over time, as economies of scale are assumed to be

achieved in manufacturing.  In general, the researchers have relied on publicly available,

published projections for these cost assumptions. Other tech nologies do no tinclude
assumptions about changing costs or performance over time, including many building and

industrial efficiency meas ures, although large -scale adoptions o f these technologies could lead

to cost -declines and/or improvements in performan ce. In general , the cost an d performance
assumptions applied in the PATHWAYS model tend to reflect conservative assumptions about
the pot ential f or technological progress over  time, to avoid overstating the potential benefits of

the Mitigation scenarios.

Uncertainty an d Complexity in Scenario Analysis

To paraphrase the statistician Geobge 8ome awmél usmeftel s
stat ement is certainly true of the PATHWAYS model, as it is true of any long  -term scenario

analysis spanning decade s into the fut ure. This mod eling effort was not to predict or forecast

the future. Rather, these scenarios ask , owhat would be necessary tomeet t he st ateds curren
policy goa Is and future GHG mitigation goals, and what are the risks in meeting those goals 20

There are many sources of uncertainty in developing long -term scenarios includ ing future
trajectories for  technology capital costs , fuel cost s, consumer behavior and prefe rences and the
future p olitical and policy environment . Furthermore, k ey sources of complexity which cannot
be reflected in the PATHWAYS model include market dynamics, such as the interaction between
costs and prices, interact ions between policies and tech  nological change, and interactions

between actions taken in California and the re st of the worl d.

In this study design, the team attempt ed to capture many of these sources of uncertainty and
complexity through scenar io and s ensitivity analysis , while ack nowledging that these tools are
not a crystal ball into the future.

Though less certain than a prediction, a scenario is more grounded in fact than mere
speculation. The scenarios were evaluated to provide useful info  rmation about what GHG
mitigation area s California should prioritize today, using the best information available about
technology cos ts, performan ce and the interactions between GHG mitigation strategies.

California PATHWAYS Mode | Enhancements

Since the initial C alifornia deep decarbonization scenario results were published in Williams, et
al, (2012), several improvements and enhancements have been made to the PATHWAYS model.
These include:

1 Updated input data resulting in a lower Reference case forecast o f greenh ouse gas
emissions in Californ ia. This includes a revised, lower, population demand forecast
consistent with th e California Department of  Finance forecast, and revised, lower,

transpo rtation vehicle stocks and transportati on vehicle miles traveled  from the
California Air Resources Boar d Mobile Source Emissions Inventory, EMFAC 2014
database.
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1 Calibrati ng the starti ng year energy consumption and emissions to the updated
California Emiss ion Inventory 62016 Edition , covering GHG emissions through 2015. The
new inventory uses global warming potential (GWP) values from the IPCC Fourth
Assessment Report, consistent with cu  rrent international and nat  ional GHG inventory
practices . This inventory practice excludes all biogenic emissio  ns associated with
biofuel s.

1 Updated fossil price forecasts con  sistent with the Energy Information Agency (EIA) 2017
Annual Energy Outlook, inco  rporating the effect of low  er expected petroleum and
natural gas prices on net economy -wide mitigation costs.

1 Reflecti ng current Califor nia stat e legislation, policies and go  als through 2030.

1 Updated technology cost projections, particularly for solar, wi nd, batteries, and electric
vehicles, reflecting more rapid than expecte d cost reductions in these technologies

1 Updated assumptions on s ustainab le biomass resource limits, bi  ofuel process
conversion efficiencies and costs, as well as an updated biofuel mo dule which allows for
limit ed optimization of least  -cost liquid and gase ous biofuel pathways.

1 Reflecti ng the i mpacts of climate change o n buildi ng energy demand and hydroelec tric
generation.

1 Updated assumptions for electricity resources serving Californi a, including reduced
availa bility of in -state wind due to environmental restrictions and the planned
retirement of the Palo Verde nuclear plantb y 2047.

1 Technical enhancements and faster model run -time.

Integrating Climate Change Impacts on Energy System

This research grant was coo rdinated with three other research projects f unded by the Energy
Commission: ateam from Berkeley Economic Adv ising an d Research, LLC (BEAR), a team and
Lawrence Berkeley National Laboratories (LBNL) ; and a team from the Universi ty of California,
Ivine(UCI1 ) . Whil e each teamds tely thkteama svorfedtogdteedto s shara r a
data where possible and applicab le. Analysis from this study w  as used as a key input into the

BEAR and LBNL studies. Analysis from the UCI stud  y was used as input for thi s study, as

described below.

The UCI team (Tarroja , 2017) provided the E3 team with  data on the likely long -term impac ts of
climate change on electr icity building demands and on hydroelectric generation through 2050.

These data w ere fed into the PATHWAYS m odel to create scenarios that reflect the pot ential
impacts of climate change on the electricity system.

Tarr oja used global climate simulations th  at have been downscaled for California and the
Fourth Climate Assessment. The team used several model simula tions based on representative
concentration pathway (RCP) 4.5 and RCP 8.5 scenarios to force a building energy  model a nd a
regional hydrology model;  these scenarios represent a modest mitigation trajectory and a high
climate chan ge impacts trajectory, resp ectively.

Using the hydrology model, Tarroja estimated changes in annual hydroelectr ic energy
availability dur ing the same time period relative top  resent -day. Changes in predicted
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hydroelectric energy availability were relativel y small in the annual avera ge in each member of
the climate model ensemble, masking larger increases in inter -annual variability. As PATH WAYS
cannot incorporate inter -annual v ariability in hydroelectric energy availability , the model with

th e largest avera ge decrease (11%) in hydro -electric availability was used to estimate a worst -
case typical year. Hydro -electric energy availability acros s all se asons was scaled down linearly
from 2015 to 2050 in PATHWAYS to correspond with this 11% decreas e.

Using a buil ding energy model, Tarroja estimated changes in building heating and cooling
energy demands for each of the  Energy Commission & 46 Buildi ng Clima te Zones and
aggregated these into an annual percentage change relative to present -day. PATHWAYS
incorporated t he changes in building ener gy demands predicted for 2050 using the RCP 8.5
results, using the average change fo r each Building Climate Zo ne acros s the simulations in the
clima te model ensemble. Changes in energy demands by subsector (residen tial and commer cial
heating and cooling) w ere applied as scalars to PATHWAYS simulated energy demands in the
absence of climat e change, linearly interpo lating b etween present -day (2015) and 2050. The
changes for each climate zone and subsector ranged from 9% to 58% and are shown as
geographic aver ages in Appendix B . Changes in water heating demand were estimated by
Tarrojato be less than 0.1% in magnitud e and we re not included in PATHWAYS.

California RESOLVE Model for Electricity Sector Analysis

This stud y also used the PATHWAYS scenario results to feed into an analysis of long -term
electricity sector costs using the RESOLVE mod  el, an electric sector lea st-cost capacity
expansion planning to ol. RESOLVE has been used by the California Public Utilities Commi ssion
in the In tegrated Resource Planning proceeding and by the California Independent System
Operator in its SB 350 regionali  zation study (C alifornia 1SO, 2016).

For this study, the RESOLV E model analysis timeframe was extended from 2030 to 2050, and
the geographic sco pe of the analysis was expa nded from the C alifornia SO footprint to a
California statewide footprint.

While the PATHWAYS model includes an inte grated treatment of electricit  y supply and
consumption at the hourly level , the PATHWAYS model d oes not perform a least-cost capacity
expansion plan for the electricity sector, making it difficult to determine the optimal mix of
renewable resource s and ene rgy storage. The RESOLVE model takes the PATHWAYS electricity
loads and load shapes as an exogen ous input . It was then run with an emissio ns constraint for
the electricity sector  that was consistent with the economy  -wide High Electrification Scenario.
Consequently, the study team investigate d the electricity sector resource selections and costs ,
consistent with a P ATHWAYS scenario , while tak ing advantage of the least -cost optimization
capabilities in RESOLVE .

Using this fr amework, the study team investigat ed the importance of renewable  integration
solutions in RESOLVE using electricity loads and load shapes that we re broadly consistent with
the 2050 PATHWAYS scenarios. RESOLVE reported the impact of renewable integration

solutions on total electrici  ty costs in 2050 , including incrementa | and marginal mitigation costs.
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The study team also evaluated the cost of differ ent 2050 GHG constraints in  the electric sector
todevelop a O0supply curved i n RESOL ¥dborf abatemeri est@05 0
red ucing GH G emissions in the electricity  sector consistent with the  High Electrification
Scenario, under the optimistic a nd | ess-optimistic assumpti  ons about renewable integration
solutions. (See Chapter 3, Figure 15.) The marginal carbon a batement cost is the rat io of the
increase in total resource cost divided by the GHG emission savings, and expr essed in dollars
per ton, $ /ton. This supply curve was compared to the incremental abatement costs for

mitigati on options evaluated in ot  her sect ors in PATHWAYS.
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CHAPTER 3;
Reference, SB 350 and High Electrification
Scenario Results

This chapter discu sses the key results forth e main long -term energy scenarios evaluated in
PATHWAYS: the Reference, SB 350 and High Electrification  Scenarios. Results are shown for the
High El ectrification scenario for greenhouse gas emissions, energy demand , and costs rel ative
to the Reference scen ario.

Greenhouse Gas Emissions

Greenhouse gas emissions in California peaked around 2004 and have been in dec line sin ce
then. If California succeed s in executing on its current policy commitments, California appears

likely to me et its 2020 goal of returni  ng GHG emissions to 1990 levels, which requires keeping
emissions at or below 431 mi  llion metric tons. As of 2015, California gre enhouse gas emissi ons
stood at 440 million metric tons of CO .-equivalent (ARB, 2017 a).

In the Refe rence scenario, GHG emissio ns decline modestly between 2017 and about 2027, at
which point population and econo mic growth begin to push e missions higher thro ugh 2050. In
the R eference scenario, GHG emissions in 2050 are slightly higher than the projected 2 020
level.

The SB 350 scen ario, which reflects the impact of higher levels of renewables, energy efficiency,

and mitigation of non  -combu stion GH Gs, results in a significantd ecrease in emissions between

present day and 2030 but does not entirely close the gap to meet t306HGgbahdf eds 20
258.6 million metric tons of CO  ,e (equivalent) . In the SB 350 scenari 0, the gap between the 203 0

goal and the proje cted emissionsis about 63 MMTCO ,e. The gap to meet the 2050 goal, of 86

MMTCOZ2e, is much larger at nearly 190 MMTCO ,e.

All o f the Mitigation scenarios, including the High Electrification  scenario, are designe d to meet
t he st at anil 205 Q @grekrthouse gas mitigation go als (Figure 5).
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Figure 5: California Greenhouse Gas Emissions by Scenario
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In the High El ectrification scenario, GH G emissi ons are reduced in all sectors by 2050. However,
the relative proportion of emissions reductions varies by sect or, since the mitigation co  sts and
mitigation potential are not equal betw een sectors. By 2050, the single larg est remaining source
of gr eenhouse gas emissions is from non -com bustion emissions. Methane from agriculture and
waste (wastewater treatment, land fills and municipal solid w  aste) represent a large source of
remaining emi ssions; methane from waste and enteri ¢ fermentation in particul  ar are e xpected
to be difficult to com  pletely eliminate , although both are assumed to decline in absolute terms
through 2050.

In addition to non -combustion GHG emissions, the remaining 2050 em issions budget is
allocated between s ome remaining diesel andj et fuel use in the transportation sect  or (primarily
for off -road and long -haul, interstate trucking), the industrial se ctor, assuming that industr  ial

electrification will be relatively expensiv e compared to other mitigation altern atives, and the
electric p ower sec tor, which continues to use ab  out 5% of generation from fossil natural gas for
resource balancing and resource  sufficiency. Greenhouse gas emissions are not eliminated in
any sector by 2050 in the High Electrification  scenario ( Figure 6).
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Figure 6: California Greenhouse Gas Emissions by Sector in the High Electrification Scenario
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Transportation sector e nergy -related GHG emissions re present the largest source of greenhouse
gas emissions in California, currently a bout 3 9%of the statewide t otal 2. In the High
Electrification scenario, this share declines over time to just o ver one -quarter of total s tatewide
greenhouse gas emissions. Th e industrial sector energy -related emissions represent the second
largest source of GHG e missions in Califor nia, with just over 20% of the total. Industrial sector
emissions are expected to be among the more difficult, and mor e expensive to mitigate. As a
result, the total share of GHG emissions from the industrial sector increases sli ghtly ov er time,
even as to tal emissions are dramatically reduced. By 2050, the remaining non -combustion
emissi ons in agriculture and rec  ycling a nd waste represent a far large r share of total GHG
emissions than today, illustrating that the challenging of r educing emissions beyond 20 50 will
be somewhat different than the challengles of meeting t

Energy Demand Result s

Final energy demand (i.e. non -electric generation energy consumption) , shows that energy
consumption falls by 50% in  the High Electrification scenario, from nearly 6 exajoules ( EJ) today
to less than 3 EJ in 2050 (Figure 7). These energy savings are due to impr oved fuel economy

standards in vehicles , efficiency associated with electrification in transportation and build ings,
reductions in per cap ita VMT, and improved energy efficiency in buildings and industry . The
efficiency ad vantages of electric drive  and heat pumps over internal combusti  on engines and
combustion heaters, respectively, result in dramatic reductions in final e nergy demand .

2 ARB Inventory ( https://www.arb.ca.gov/cc/inventory/data/data.htm ) accessed on May 18.
2018.
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Figure 7: Final Energy Demand by Fuel Type in the High Electrification Scenario
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The High Electrification  scenario shows a decline in fossil fuel demand across all fuel types,

with the greatest re ductions in gasoline and  natural gas, in -part due to a greater reliance on
biomethane blended into the pipeline . The High Electrification  scenari o biofuel assumptions are
based on a least net -cost analysis across all major fuel types (gasoline, diesel and natural gas).
Using these a ssumptions, the most efficient use of biomass is to produce renewable methane

(bioga s), rather than liquid bio  fuels. This scenario does not model th e impact of the Low
Carbon Fuel Standard policy which  direct s biofuel use towards the transportation sector. A
transportation -focused biofuel sensitivity would result in less overall biofuels used to displace
fossil n atural g as and more biofuels u sed to d isplace diesel energy.

Decarbonization Strategies by Sector

Buildings

Energy eff iciency in buildings is a ¢  entral strategy to reducing the cost of greenhouse gas

mitigation in California. The state has already committ ed to do ubling energy efficien cy savin gs,
relative to an aggressive baseline of maintaining historical levels of effici ency savings through
SB 350, however, most experts agree that achieving a doubling of energy efficiency present s
many implementation chal lenges.

Deploying such a high level o f energy efficiency will likely require substantial changes to
current efficiency  deployment strategies. In addition to conventional energy efficiency, deep
decarbonization in buildings requir es a combination of extens ive buil ding electrification
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featurin g heat pump s for space conditioning and water heating , or replacing fossil natura | gas
use with carbon -neutr al renewable gas.

I n the High Electrification scemdr ied,f ifdinpméoey 6l,evel s of
substitution energy effi  ciency), are achieved through higher and faster adoption rates of LED

lighting, as well a s more efficient refrigerat  ion, plug -loads, water heating, air conditioning , and

space heating comparedtothe CE C®6 s |IERRBAditional achievable energy efficiency

potentia | metric. In addition,  behavioral conservation measures are assumed to partially reduce

lightingand HYACen er gy consumption, while O0smart growthod meas.t
construction to includ e more high density, small er and m ore efficient multi -family hom es,

relative to historical trends. However, of all these measures in the High Ele ctrification scenario,

it i s fuel switching to high efficiency heat pumps in HVAC and water heating that achieves the

largest reductions in total building energy deman d, facto ring in both natural gas and electric

consumption. Greenhouse gas emissions decr  ease due to fuel -switching as well, due to the high

and increasing share of renewables on the grid.

To decarb onize heating demands in b uildings through a transition to elect ric heat pumps,
without requiring early retirements of functional equipment, this transition must  start by 2 020
and achieve significant market share by 2030. In the High Electrification scena rio, new heat
pump sales m ust repr esent no less than app roximate ly 50% of new sales of HYAC and water
heating equipment by 2030  (Figur e 8).

Figure 8: Percent of New Sales by Technology Type for Residential Space Heating and Water
Heating in the High Electrification Case (2015i 2050)

Space Heating (Residential, similar for Commercial) Water Heating (Residential, similar for Commercial)
% of new sales in High Electrification Case % of new sales in High Electrification Case
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However, the electrification and renewable natural g as options still face large  hurdles.
Widespread use of electric h eat pumps would require market transformation , to make electric
heating a more a ttractive and cost -competitive option for households and businesses in
California. Many c ontractors in Californ ia do not have experience s izing and installing heat
pum p equipment, and customers do not have experience using it. While heat pump adopt ion
has been increasing in the U.S. northeast and southeast and in Asia, heat pump technologies are
not common in Calif ornia outside of some rural areas that lack accessto natural gas .
Furthermore, the refrigerant F -gases used in heat pump technologies ha ve a hig h global
warming potential and  must be replaced with lower global warming potential gases in

31



accordance withth e Montr eal P r bAmendmehtd; statKlégiglatib n is already moving
in this direction . Finally, current utility energy efficiency program s and tiered electricity retai |
rates have not been designed with carbon savings, or fuel -switching from natura | gas to electric
end-uses in mind , and will likely requ ire modifications to enable, or not discourage, buildin g
electrification

Renewable natu ral gas does not face the same types of customer adoption and building retrofit
challenges as a building electr ification strategy. However , RNG faces large technical o bstacles.
Biomethane supplies within California are lim ited, and on their own fal | short of meeting the

long -term demand forlow -c ar bon gaseous fuel in the g4 aitheid s
electrification. Even if Cali  fornia relies on out -of -state biomethane supplies, other states or
countries are als o likely to lay claimtos ome of t he limited supplies of sustain  able biomass
feedstocks , which will drive up  biofuel prices and could limit suppl  ies.

Assuming California co uld access up to its populati  on-weighted share of the U.S. supply of
sustainable was te-product biomass , exclud ing purp ose-grown biomass crops , there appears to
be insufficient biomethane to displace the necessary amount of buildi ng and industry fossil

natu ral gas consumptionto meett he st at dednsclinhate gogls. Even assuming exten  sive
natural gas efficienc y in bui ldings, without substantial bu ilding electrification, California would
require a significant increase in out  -of -state, zero -carbon, sustai nable biofuels, hydrogen fuel  or
climate -neutral synthetic methane to meet its long -term climate goals. These strategi es are
identified asimportant o0r eachdé t ec hnol o geécessarytimttelongmenyn, b e
particularly if oth  er GHG mitigation strategie s, such as building electrification, do not

materialize at scale.

The shortfall is  estimated to be at least 600 TBTU in 2050 , even after assuming high natural gas
energy efficiency measures and petroleum demand reduction . This finding is based on an
assumption t hat California has access to its population -weighted share of the U.S. suppl y of
biomass waste and res idual fe edstocks, and that 100% of the se biomass feedstocks are

converted into bio methane with the exception of  cellulo sic biomass feedstocks whic h are
assumed to be only converted to liquid biofuels . This deficiency is compounded  further if only
in-state biomass supplies are available. The sh ortfall can be reduced by electrification, ¢ limate -
neutral synthetic methane, or by using purpose -grown biof uel crops. The No Building
Electrification scenario with power  -to-gas explores the s econd of these options.

32

bui



Figure 9: Estimated Cost and Available Biomethane Supply to California in 2050 Compared with
Non-Electric Natural Gas Demand
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Note: Biomethane supply curves assume all available, non-cellulosic, biomass feedstocks are converted to biomethane.
Total supply is compared with non-electric gas demand in the No Building Electrification scenario in 2050 as well as non-
electric natural gas demand in 2015.

Source: E3

Transportation

Light duty vehicles (LDV) represe nt the largest source of g reenhous e gas emissions in the state
while transportation emissions as a whole, including trucking and off -road transp ortation, is

the largest so urce of emissions by sector . Reducing greenhouse gas emissions from the

tran sportati on sector requires a multi  -pronged strategy encompassing fuel ec  onomy standards
for conventional vehicles, reductions in vehicle miles traveled t hrough smart growth strateg  ies,
as well as low - and zero -emissions vehicles and biofuels .

Encouraging consumer s to more rapidly switch to purcha sing zero -emissions vehicles ( ZEVs),
with perhaps as many as 6 million ZEVs required on the road by 2030, isa major market
transformation challenge. In the light -duty vehicle fleet, the commercial advantage seems to be
tilting in favor of  battery electric (BEV)and plug -in hybrid elec tric vehicles (PHEVS), compared
to hydrogen fuel -cell vehicles. As aresult, by 2 030, 60% of new LDV sales a re assumed to be
BEVs and PHEVs, while just over 10% of new sales of light  -duty vehi cles are assumed to be

hyd rogen fu el cell vehicles . This r eflect s the possibility that the longer ranges and shorter

fueling times for fuel cell vehicles could be convincin g to a portion of the market (

Figure 10). It is possible to meetth e s tsalimat®goals with a wide ra  nge of zero -emission
vehicle types ; the important part is achieving high volumes of ZEV sales before 2030.
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Figure 10: Percent of New Sales of Light Duty Vehicles by Technology Type in the High
Electrification Scenario
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For light -duty ZEVSs, the cost of fueling an electric vehicle is far lower tha n the cost of fueling a
conventional vehicle. The challenge is primarily in bringing down the capital cost of t he electric

vehicles, ensu ring tha t customers have a wide range  of electric and plug -in hybrid vehicles to
choose from, and that they have confid ence in the range and perfo rmance of those vehicles.
This analysis assumes that the capital cost of light duty electric vehicles will re  ach pari ty with
internal combustion en gine vehicles by approximately 2030. This means that before 2030,
vehicle incenti ves may continue to be necessary to bridge the cost gap with conventional
vehicles. Coordination among electric utilities and local gover nments t o facilitate widespread
deploy ment of vehicle charging stations is also critical.

In the medium - and heavy -duty trucking sectors, the zero  -emission and alternative fueled
options are more diverse than in the light duty fle et. Solutions include conv entional diesel
vehicles running on re  newable diesel, compressed natural gas (CNG) trucks running on fossil
natural gas or compressed biomethane, hydrogen fuel cell trucks, battery electric, and hybrid

diesel -electric trucks. Int he High Electrification case, a diverse, low -emissions trucking fleetis
envisioned encompassing all of these options , because of their diverse n ature (Figure 11).
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Figure 11: Percent of New Sales of Medium- and Heavy-Duty Vehicles by Technology Type in the
High Electrification Scenario
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In this analysis, the hydrogen fuel cell trucks appear to be the most expensive to purc  hase and
operate from among these options but they may be a competitive GHG mitigati  on option for a
limited nu mber of long -haul, heavy duty applicat ions. In general, costs for short  -haul zero -
emission trucks are driven more by th e total engine power requir  ements, while costs for long -
haul trucks are drive n more by the total fuel storager  equirements (Boer, 2013) . Batterie s tend
to be cheaper than fuel  cells per unit of power but may be more expensive than hydrogen

storage per unit of energy. The mitigation  scenarios here assume that battery trucks can

disp lace no more than 50% of truck veh icle miles (those used for shorter -haul distances), while
fuel -cell trucks are assumed to serve longer  -haul heavy duty trucking. As a result, hyd rogen
fuel cell heavy-duty trucks area key oOr eac h inttliscstenaoio.o gy 6

In other transportation sector s, (including buses, boats, aviati on, ocean -going vessels, rail,

construction, and other recreational and industrial vehicles ), GHG reductions ar e also required ,
although t he solutions, like in trucking, may be highly tail ored to each application.

Electrif ication of buses, port equipment, and transportation vehicles at airports, for example,
represent a relatively easy GHG mitigation option, while reducing GHG emissions from  aviation

and shipping may be more expensive.

In the High Electrification  scenario, diesel and jet fuel usei n off -road transportation (including
aviation, rail and shipping) represents 28% of total remaining GHG emissions in 20 50, which is
the largest re maining source of fossil fuel use by 2050. While d ecarbonization options could be
developed for these sectors, includi ng hydrogen -fueled, all -electr ic, or biofuel technologies,
these scenarios do not necessitate implement ing thes e solutions to achieve the 2050 GHG goal.

Industry and Agriculture

Califor n i ac@irsent industrial and agric ulture GHG emissions from  energy u se are similar in
magnitudeto t hose of the statefs electricity sectton.
and manufacturing, (n  otably cement, chemicals and food processing), rep resent the largest
sources of emis sions in this category.
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Reducing GHG emissions from these secto rs will likely require significant increases in energy
efficiency, as well as, po tentially, the use of biome thane to displace fossil natural gas. Carbon
prici ng, through the cap and trade prog  ram, may helpto achieve higher le vels of energy
efficiency ini ndustry, and could encourage the use of sustainable biofuels, although more

direc t, industry -specific progra ms may also be required .

Industrial electrificati  on is another GHG mitigation optio  n, which is likely to be t  echnical ly
feasible for nearly all end  uses, but at potentially high cost. The high cost of many industrial
processes i s due to the relative ineff iciency of using a high -quality final energy carri  er such as
electricity as a substi tute for simple combustion to make heat. While heat pumps can of fer
efficiency advantages for room temperature heating applications in buildings, they do not offer
the same advantage for high temperature industrial process es. Consequently, the High

Electri fication scenario does not include any industrial electrificatio  n. Nevertheless, industrial
electrification is a key tulyas# setvestsadbécnkstbpanitigabon i n
option in many of the alternative mitigation scenarios when cheaper  options are not available

The co sts of high levels of industri  al energy efficiency and electrification are not well
understood and this represe nts an area where additiona | research could be helpful.

Another key uncertain ty in the industrial sector  is wha t will happen to the state & $arge
refineries , and to domestic o il and gas extraction, over time, as in-state demand for refined
petroleum produc ts fall. This analysis assu mes that, in addition to energy efficiency savings of
20 to 30% by 2030, the refinin g sector reduces its total  product ion by an additional 14% by
2030.

The combined effect of energy efficiency and reduced production modeled in t he refining
sector resulti n similar levels of energy reductions as seen in the total, in-state demand for
gasoline and diesel, which fal Is by 44 % in 2030, relative to 2015, n the High Electrification
Scenario (Figure 12) . Itisnot known how Cal i frefining secod will respo nd toalong -
term, structural shift towards lower demand for gasoline and diesel in California from vehicle
electrific ation. The sector could shift ~ towards becoming a net -exporter of petroleum products,

or it could reduce in  -stat e production , as modeled . However, if greenhouse gas emissions from
the refining sector do not decline signific antly, it will make meetin gthestat e 6 s-teimon g
climate goal v ery challenging. In the  High Electrification =~ Scenario, refining sector GHG

emissi ons fall 90% by 2050 relati ve to today , in line with the energy  -related GHG emissions
reductions seen in other  sectors .
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Figure 12: Refining Sector Energy Consumption and Petroleum Product Consumption in the High
Electrification Scenario
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Electricity

California is well on its way to reducing greenhouse gas emissions from elec tricity. By 2025, the
state will h ave eliminat ed the small amoun ts of remaining in -state and imported coal -fired
generation. Currently, thestate 6s el ect r i ci tiyisapmoximately 25%aenewable,

10% nuclear and 10% hydroelectric, or about 45% z ero-carbon. (Diablo Canyon , Califor ni ads onl vy
remaining in -state nuclear generation facility will retire in 2024/25, leaving only a small portion

of imported nuclear power  from Palo Verde through 2045, when that facility is likely to retire.

No new nuclear power is evaluated in thi s scenario.) This an alysis suggests th ata 70% - 85%
zero -carbon electricity mix could be necessary t o meet t 1R@30 dimatetg@ald s. The range
of zero -carbon electricity needed for 2030 reflects the potential for slower pro gress in other
mitigation  strategi es than assu med in the High El ectrification scenario. In this study, zero -
carbon electricity serves as the majo  r backstop strategy in 2030 , as technical obstacles to about
80% zero-carbon electricity appear to be  more surm ountable than the challeng es associated

with s caling up GHG miti gation further in other sectors, and, unlike other sectors, consumer
adoption cha llenges are less of a conce rn for renewable energy deployment.

Energy efficiency savings could largely offset the increase of new electr ificatio nloads in the

2030 timeframe, but by 2050, electrification | oads are expecte
electri city demand by approximatel y 60% (Figure 13). This means that the electricity sector will

be providing the majo rity of the energy in the state,displ aci ng fossil fuel use as t

largest source of energy today.
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Figure 13: Electricity Demand by Sector in the High Electrification Scenario
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Renewable electricity generation  is the | argest single measure for red ucing GHG emissions in
2050. This modeling suggests that approximately 95% zero -carbon generation and 5% gas
generation is needed by 2050  (Figure 14). This generation mix (including both in -state solar and
out -of -state wind to enh ance resource diversity ), plus aggressive deployment of flexible loads,

and energy storage appears to be al ower -cost means to reduce GHG emissions than other, non -
electricity sector GHG mitig ation options . Achieving a 100% zer o-carbon generation mix

howe ver, appears to be cost -prohibitive without reliance on nuclear, carbon capture an d
sequestration (CCS), low er-cost, more abundant biofuels, or new forms of low -cost, long -
duration energy stor age (Figure 15).

To achieve a 100% zero-carbon electricity system, affordable , zero -carbon and long -duration
dispatchabl e resource s would be necessary to maintain resource sufficiency and reliability

during sequential days of low renewable energy availabil ity. Low carbon electricity is critica | for
achieving economy -wide decarbonization in concert with electrification of en d-uses in other
sectors ; it is important that  low -carbon electricity is accompanied by affordable electric rates,
S0 as not to discourag e electri fication .
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Figure 14: Electricity Generation by Fuel Type in the High Electrification Scenario

600 100%
g =
- s '
....... 80% Wind
It -t Rooftop Pv
400 70% g g
é 60% § mmm Geothermal
— ...-' o = Biomass
S 300 |
B .n-'. :
E .'"'u' -g f—rt Hydro
g 0% & e
| o
200 5 = Natural Gas
30% # ’
Nuclear
100 20% -
e +Zero Carbon
0 o%

2015 2020 2025 2030 2035 2040 2045 2050

Source: E3
Figure 15: 2050 Marginal Electricity Sector GHG Abatement Cost
$3,000 Zero-emissions electricity cost is
off the chart due to assumed
$2,500 lack of zero-carbon dispatchable
: generation
§ $2,000
~
43
£ 51,500
o
O
I High
2 $1,000 Electrification
g
£ 6500 pemeemmmcecssccccccccsccccsecemcesconsaseft e ccecccmcecnnncnaenccaana-
- PATHWAYS 2050 economy-wide

marginal abatement cost

4 0
2050 Electricity Sector Emissions (MMTCO2)

~— Marginal GHG Cost (No new O0S renewables, no flexible loads)
~—— Marginal GHG Cost {High O0S renewables, high flexible loads)

QO0S = out-of -state

A fAsupply 6GHGeaméesionfremuctions inthe electricity sector using the RESOLVE model with electricity demands
provided from the California PATHWAYS High Electrification Scenario. RESOLVE was constrained to yield electricity sector
GHG emissions ranging from 0 to 20 MMT CO; in 2050, with either the High Electrification scenario renewable integration
measures (blue line) or with a more limited set of renewable integration measures, excluding out-of-state (OOS) wind
delivered to California from the other Western states, and flexible loads in buildings, hydrogen production, and electric
vehicle charging (gold line).

Source: E3

39



The annual cos t savings in 2050, afforde d by the diverse set of renewable integration solutions

in the High Electrification scenario is modeled to be large. Relying only onin -state solar
resources and renewable integration solutions, without the diversity provided by o ut-of -state
wind, adds abo ut $19 billion per year in costs by 2050 to achieve the same level of

decarbonizatio n (Figure 16). Moreover, if flexible | oads in buildings, flexible electric vehicle
charging, and flexible hydrogen elect  rolysis are also not avail able and other sectoral strategies
are unchanged , the annual cost premium would reac  h $36 billion per year by ~ 2050. This large
cost premium results  from the expense of pairing solar ge  neration with batteries so that
electricity ca n continue to serve demand at night , as well as overbuilding the solar generation

so that it can meet demands  during cloudy and winterti  me period s. Beyond the cost premium,
land use impacts could be significant  : the land area required for new utility -scale solar in the
Ol-gtate+ Low Fl exibilitydé s c e7@sguare miclesabalt 1% »fstatelahd 1
area), versus only about 600 square m iles in the High Electrificat ion scenario. 3

Figure 16: 2050 Capacity Additions and Cost Impacts of Electricity Sector Sensitivity Analysis
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This analysis underlines the critical importance of renewable integ ration strategies, includi  ng

diverse renewable generation sources, to affordably meet i ng the st aalsdtdlso cl i mate ¢

raises many questions for additional research. The se include how best to design electricity
markets to incentivize diverse renewable resources, flexible loads , and optimally dispatched
storage. Another question is how to compensate thermal ge nerators whose value may

increasing ly be in providing capacity a nd resource sufficie ncy during periods of low -renewable
generation, rather thanin providing regular energy services.

3 This assumes 8 acres per MW of installed solar including balance -of -system area ( Ong et al., 2013 ).
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Biofuels

In addition to zero  -carbon electricity (renewables, nuclear or carbon capture and storage ),
biofue Is represent the only other p  otential source of zero -emissions primary energy. This
analysis attempts to apply  a conservative lens to est imate available biofuel supplies and costs.
Biofuel supply curves are developed base d on estimates of the in  -state supp ly of biomass
potential,asw el | as Cadopulationr weighted share of the U.S. supply of biomass.

Biom ass resources in Californi  a and the United States

Biomass resources are relatively limited in California. Es timates of in -state resour ces for
biomass vary from 20 340 millio n bone dry tons ( Table 7). California currently imports
approximately 87% of its | iquid biofuels from out  -of -state to meet low -carbon fuel standard
regulations (ARB, 2016). In this analy sis, the DOE Billion Ton Update (2011) is used to estimate
the U.S. supply of sustainable biomass resources, supplemented by Jaffe et al. (201 6) for
estimates of in-state manure, landfill gas, and municipal solid waste, yielding about 3 0 million
bone dry t ons of availabl e in-state biomass in the sce narios. Full biomass module details arein
Appendix C .

Table 7: Summary of Estimated Biomass Resources in California

Manure
and

Source Landfill
(Million bone dry tons) Cellulose | Wood Lipid Gas* Misc. Total
Billion Ton Update

3.0 14.6 0.3 1.8 0.0 19.7
(Perlack et al., 2011)
Horvath et al. (2016) 6.4 18.5 0.0 5.0 0.0 29.9
California Council on
Science and Technology 6.6 16.7 5.5 0.0 11.8 40.6
(2013)
California Biomass
Collaborative (Williams, 21 16.3 0.0 13.3 3.6 354
R.B. et al., 2015)

Resources are approximately mapped to PATHWAYS fuel conversion categories, Million Bone Dry Tons.

Source: E3

The Billion Ton Update (Perlack, 2011) estimated that about 1.3
feedstock co uld be a vailable nationally by 2030 fo
residues as well as purpose

-grown crop s and plantation forestry.

billion to ns of biomass
r biofuel production, including wastes and

About 0.5 billion tons of the

4 In this table, one ton of  landfill gas is counted as one bone dry ton. Elsewhere in the document, a weighting factor of 6
ompared with crude biomass.

is applied to landfill gas to account for the greater energy content of landfill gas as ¢




supply is associated with new cultivation of purpose -grown miscanthus, pine, euc alyptus, and
other grass and tree crop  s.

Modeled Biomass Use

This analysis estimate s a sustainable long -term supply and cost of biomass available to
California. As discussed previously , the High Electrification  scenario excludes purpose -grown
crops and pl antation forestry from the biomassres ource supply curves due to sustainability
concerns. The supply is further restrict ed to total no more than  the cost -effective biofuel
supply,given Cal i f or ni a 6 sweighteg shdreaof th oerlJ.S. biomass supply, inc ludingin -
state use. Imports from outs ide of the U.S. are excluded from the analysis. This results in 64
million bone dr ytons u sed in the High El ectrification scenario, about half fromin  -state and half
from out -of -state (Figure 17).

The In-State Biom ass scenario u ses only 30 million bone dry tons ( Figure 17), representin g
nearly all the assumed i n-state supply. In contrast, the High Biofuels Scenario assumes that

purpose -grown c rops are included intheU . S.supply, and t hat Calatiorf-waighttdads popu
share increases proportionally. The extra biofuel s displace more e xpensive mitigation measur es
such as hydrogen fuel -cell trucks, but this scenario is deemed to be more -risky t han the High

Electrificati on scenario, because of the uncertaint y around the long -term supply of sustainable,
purpose -grown biomass feedstocks . In the High Biofuels Scenari o 109 million bone dry tons  of
biomass are used (Figure 17).
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Figure 17: Assumed Biomass Use in California in 2050 in Three Mitigation Scenarios
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The High Electrificat ion scenario assumes a lar ge transf ormation in the biomass suppl vy chain
relativetotoday. Most of t o d acprdistsob iethanal dedived fro m out -of -state corn

fro m a conventional fermentation process that uses only the starch and simple sugars ( Figure
18), but by 2050 the corn ethanol i s assumed to be replaced with advanced bi  ofuels dominated
by out -of -state wood and cellulose associated with  agriculture and forestry residues . These

residues are converted to biofuels using h  ydrolysis, pyrolysis, and  gasificat ion. In -state
utilization inc  ludes a significant amount of landfill ga s, based on the Jaffe etal . (2016) analy sis.

Although manure could  represent an important biomethane precursor, neither in -state, nor out -
of -state, ma nure is found to be cost -effective inthe High Electrification  scenario , using a total
resource cost pers pective . The Low Carbon Fuel Standard (LCFS)incentivizes the produ ction of
biomethane from manure because of the co -benefits of avoided methane emissi  ons. In-state
economic transfers between producers and consumers , such as those that are created by LCFS
credits , are not modeled here, but could  shift the feedstock  supply of biomethane in California
relative to the estimates  of the High Electrification  scenario , albeit at a highe rcost. Overall, the
model may be und erestimat ing the cost of achieving manure methane reduction sinthe non -
combustion sector , which assume s that manure methane is used to produce biofuels.
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Figure 18: Assumed Feedstock Use in California in the High Electrification Scenario
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Comparing Biomass Use to Previo us Studie s

Several previous studies of deep decarbonization in California and in other regions have

included biofuels as  a source of net-zero carb on fuel. Eight of these analyses ( Figure 19) are

reviewed including studies focused  on Washin gton, the U.S., California, and the United

Kingdom. The previous PATHWAYS cases (E3, 2015) assumed a level of b iomass availability
morecomparable to the O0Hi gh tiRicarentandlysi® Likew eise,alfof the i n
other deep decarboniz ation stu dies reviewed here, which eva luated economy -wide greenhouse

gas reductions of 80% by 2050, included a higher pe r capita biomass usethant hi s sHighdy & s
Electrification scenario.

This literature review indic  ates the current High Electrification  scenario is more conservative
regardi ng the role of biofuels in alow  -carbon economy than previous deep decarbonization
literature. Exploring bio fuel -constrained scenarios is an important contribution to the literature
given ongo ing research into biofuel  sustainab ility: even those produced fr  om waste and residue

biomass could possibly have negative impacts on forest ecosys tems or lead to net emissi  ons of
CO, from terrestrial stocks of carbon (US EPA, 2014). Moreover, recent progre ss in the
commercializatio n of adva nced biofuels has been slower  than anticipated, especially in
comparison with rapid technological progress in t he commercialization of re  newables and
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electric vehicles. Consequently, reduced dependence on biofu els in the High Electrification
scenario is in tended to reduce environmenta | risk, as well as cost risk

Figure 19: Estimated Biomass Primary Energy Use in 2050
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Estimated per capita biomass primary energy utilization in 2050 shown for selected deep decarbonization scenarios. The
comparison assumes 18 GJ per bone dry ton primary energy yield, corresponding to the average yield assumed in the US
analysis for the Deep Decarbonization PATHWAYS Project (Williams, 2014). References:

E3. 2015. CaliforniaSt at e A gRATHWAYS Project: Long-term GHG Reduction Scenarios;

California Council on Science and Technology (CCST). 2011. California's Energy Future - The View to 2050;

LBNL. 2013. Scenarios for Meeting California's 2050 Climate Goals (see cited reference Wei et al., 2014);

U.C. Davis: Yang et al. 2015. Achieving California's 80% Greenhouse Gas Reduction Target in 2050;

Washington State: Haley, et al. 2016. Deep Decarbonization Pathways Analysis for Washington State;

U.S. DDPP: Williams, J.H., et al. (2014). Pathways to deep decarbonization in the United States.

U.S. Mid-Century: The White House. 2016. United States Mid-Century Strategy for Deep Decarbonization;

U.K. Decarbonization: European Climate Foundation. 2010. Roadmap 2050

Source: E3

Biofuel Costs in 2050

Within e ach scenario, the biofuels mo dule is used to select an array of feedstock and fuel
combinations that approximat  ely maximizes the cost -eff ective CO , abatement , with in the
context of the marginal abatement costs in other se ctors. The PATHWAYS model attempts to
capture the interactions b etween mitigation options: for instance, renewable ethanol as a

gasoline substitut e is a relatively cheap bi ofuel that is not heavily  utilized in most mitigation
scenarios because light -duty v ehicles are assumed to be nearly al | cost -effectively electrifie d by
2050. The impact of the federal Renewable Fuel Standard program is not reflec ted in the biofuel
prices, since these are assumedt o expire after 2022. Consistent with the cost methodology

applied within the PATHWAY S model, the effect of the Low Carbon  Fuel Standard on fuel prices
is also not reflected, as these are considered transf ers within the state.
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In all the scenarios, biofuels  are estimated to carry a significant price premium over f ossil fuels.
The team assumed there is a single market -clearing price for each biofuel type corresponding to
the all -in cost associated with the m  arginal feedstock incremen t, relatively large CO , abatement
costs can result as inexpensive resources are exha  usted. The total economy -wide net ¢ ost of
biofuels over their fo  ssil fuel counterparts is estimated to be $17B in 2050 in the High
Electrification Scenario. This net costi n 2050 is highly uncertain  and is based on a conservative
assumption excluding innov  ation in advanced biofuel conversio n pathways.

In the High Biofu els Scenario , which includes the use of purpose  -grown crops to produce

biofuels (Figure 20), the same complement of mitigation options is assumed to be available as

in the High Electrification Scenario. This means that the additio nal biofuels afforded by access

to imported purpose -grown crops can be used to low er overall scenario costs. The additional
biofuel displaces some vehicle electrification and hydrogen vehicles as well as displacing som e
of the marginal renewable generation and battery storage.

Figure 20: 2050 Biofuel Supply Curves

Effect of including purpose-grown crops in US supply
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Biofuel supply curves are shown for the High Electrification scenario and the High Biofuels scenario. Costs shown are

wholesale costs for gaseous fuels and retail costs for liquid fuels.

Source: E3
The cost of biofuels (as shown in Figure 20) is only part of the equationind  esigning a low -cost
scenario, which is a function of the carbon abatement cost. The carbon abatement cost of

biofuels d epends on three factors: 1)t he cost and conversion efficie  ncy of producing the
bio fuel, 2) the GHG savings of the biofuel relative to th e displaced conventional fuel, and 3) the
price of the displaced conventional fuel. In the conversion assumpt ions appl ied here, key
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biomass feedsto cks such as woody forest resid ues can be much more efficiently converted to
biomet hane than to renewable die sel (Appendix C ).> However, other analysis suggests that
liquid biofuels have a lowe r carbon abatement costth an biomet hane.

In the High Electrific ation Case, biomethane is use d to decarbonize a portion of the natural gas
use in buildings and industry, al  ong with providing renewable CNG for a portion of CNG

trucks. ¢ The mix of biofuel ty pes produced is very sensi tive to m odel input assumptions , and
the relative costs and yields  of competing biofuel pathways in the future are uncer tain. This
uncertainty may not be reduced until more progress is made in expanding advanced biofuel

supply cha ins. This uncertainty unde rscores t he necessity to encourage the most cost -effective
use of this valuable but limited net-zero -carbon resource.

Overall, this analysis finds that without additional innovation in advanced biofuel conversion

pathways, biofuel s are expected to be a rel atively e xpensive way to reduce GHG em issions but

can nevertheless help to reduce t hegoatsoehtivetodthermeet i ng
options. If California were restricted to using only in -state supplies of bi ofuels, which is

approximately the same qua ntity of biofuels used today (although todayo6s mix i
weighted towards corn -based ethanol) the 203 0 total cost of GHG mitiga tion could increase by

about $4 billion/year relative to the High Electrific ation scenario.

Even though the High Electr ification scenario is less re liant on biofuels than previous analyses,

it still requires a large expansion in t he supply of advanced biof uels to California, from  using
under 0.1 exajoules (EJ)in 2015, excluding ¢ onventio nal ethanol and biodiesel, to 0.340 EJ by
2030 and 0.56 EJ by 2050 (4.3 billion gallons of gasoline  -equivalent).

To some extent, hydrogen can ser ve as a substitute for bio  fuels as a mitigation option: in the In -
State Biomass scenario, only 0.23 EJ of adva nced biofuels are used in 2030 and 2050, but
hydrogen fuel utili  zation reaches 0.2 EJ, as compared with only  0.11 EJ in the High

Electrification scenario . If hydrogen fuel and vehicle costs are lower than expected, that could

further reduce the nee dforth e state to rely on advance d biofuel s.

Non -Combustion Emissions

Non -combustion greenhouse gas emissions include fluorinated gases (F -gases) used as
refrigerants, methane em issions from a variety of sources (including manure, waste water
treatment f acilitie s, landfills, enteric ferm  entation in livestock, and methane lea kage from
natural gas extraction, storage and pipelines), as well as carbon dioxid e emissions from the

5 The assumption s about the available suppl y of methane derived from  California -based waste and dairy resources are

from Jaffe etal. (2016). These feedstocks are assumed to be transported to a California gas injection point usi ng a
variety of transportation modes, such a s feeder pipeline and truck , depending on the location of the feedstock. The
assumptions about the available supply of all other biomass feedstocks, including both in -state and out -of -state

supplies of cellulose  and woody waste, are from the Billion Tons Study update, U.S. Departme nt of Energy (2011). These
feedstocks are assumed to be transported to California via truck for processing before injection into the gas pipeline.

6 The 2017 IEPR (California Energy Com mission, February 2018) calls for further st udy by the CPUC regardingt he
technical specifications that biomethane must achieve before it can be injected into the natural gas pipeline in

California. In this model, CNG trucks are assumed to use compressed n atural gas from the pipeline. Pipeline

biome thane costs and greenhouse gas savings can be attributed to different sectors based on policy assumptions; this
sectoral allocation does not affect the total economy -wide scenario cost in PATHWAYS.
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chemi cal conversion process for making cement and nitrogen oxide emissions from f ertilize r

applications. This suite of non -combustion greenhouse gas emis sions represent ed 16% of the

stateds total IG2IG amdwilsnsréasen significantly without mit  igation efforts.  Of

the non -combustion emissions, methane and many F-gases are consi dered to be short -lived

climate pol lutants (SLCPs) with a dispro portionate potential to add to near -term climate change,

and these SLCPs are targe ted for a 40% reductonby 2030 as part of the ARB®O&s SLC(
(ARB, 2017b). Reducing non-combustion green house gas emissions is cri tical to meeting the

st at eds aalsiamdaatdieersg range of strategies are needed to reduce these emissions.

In t he High Electrification  scenario, an aggregate 33% reduction in non  -combustion emissionsi s
achieved by 2030 r elative to 2015, with a 37 % reducti on in SLCPs. The reduction in creases to
52% in aggregate by 2050 relative to 2015, with a 54% reduction in SLCP s. Non -combustion
emission s are assumed to decline by a lower proportion than the economy -wide 80% relative to
1990 by 2050, requiring g reater th an 80% reductions in energy e missions by 2050 in all

mitigation scenarios  (Figure 21) . Strategies and challenge s for major emission secto rs are

further detailed below .

Figure 21: Non-combustion Emissions in 2030 and 2050 in the Reference and High Electrification

Scenario
2030 Non-Combustion Emissions 2050 Non-Combustion Emissions
F-gases F-gases
Other Agricufture Other Agriculture
Manure Manure
Fugitwe and Process Emissions Fugitive and Process Emissions
Waste Waste
Cement Cement
0 5 10 15 20 0 5 10 15 20 25 30 35
MMT CO,e MMT COse
# High Electrification  m Reference # High Electrification  m Reference
Note: Error bars bracket potential underestimate in fugitive methane emissions from the California Greenhouse Gas Emissions Inventory: see,
e.g., Wunch et al. (2016). The IPCC estimates a ~20% uncertainty in global fossil methane emissions (2013).
Source: E3
F-gases
F-gases consist primarily of hydrofluorocarbons ( HFCs) that were introduced to replace ozone -

depleting ¢ hlorofluorocarbons  (CFCs) that were used as refrigerant s and propellants
subseque nt to the Montreal Protocol phasing ou t CFCs.” Thus, their emissions rose considerably
between 1990 and 2015. Reducing the emission s of these very high global warming potential

7 A small prop ortion of F -gas emissions, such as SF ; used in transformers, represent  long -lived
gases that are not explicitly addressed by the ARB SLCP Strategy.
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gases can be achieved by replaci ng current refrigeran t gases with alternatives that are less

harmful to the climate,  such as compressed CO ,. The U.S. committed to reducing F  -gases under

the Kigali Am endment to the Montreal Pr  otocol in 2016. Whether the U.S. will follow through on

these commitments remainsto  be seen. Nevertheless,th e ArResour ces Boardds economi
analysi s for the stateds SLCP Strategy foundativdyat t hese ¢
low cost.

Methane from Livestock and Waste

Biogenic methane emissions from the decomposition of animal waste, food waste, and
wastewater represent a challenging sourc e of GHG emissions, but if they are diverted for

anaerobic digestion or if their e mitted methane is captured , they represent a potent ial source of
bi omet hane. Some of Ca lettrcity gemeradidn inclwr edesedirea bcbnebustoh of
these resourc es today.

The ARB SLCP Strategy explores options for reducing these emissions whi le at the same time
produc ing biofuel in extensive  detail. However, the large number of diffuse emission sourc es
remains a challenge. Ma nure that is not already centrally pro  cessed could be expensive to
collect, and enteric fermentation from cows cannot be readily captured.

Fugitiv e Methane Emissions

Fossil methane and other gases are lost as fugitive and process emissions associated with  fossil
fu el extraction, processing, an d transport. There is some uncertainty in estimating the scale of

these emissions, particularly for natural gas extrac tion and from pipelines. Some research

(Wunch et al., 2016) suggests that methane leakage from the pipeline gas system could be
several -fold higher than official state greenhouse gas inventory estimates. The team used the

high -end range of poten tial fugit ive methane emission leaks in the state, estimat ing the cost of
meetingth e st at ed s GH G algiihme sharie teaks wee 40 milliont  ons higher than
assumed in the Reference case. This results in an increase in the cost of meetisng the ste

2030 cli mate goals of approximately $4 billion/year in 2030.

Other Industrial and ~ Agricultural Sources

Remaining non-combustion GHG emissions inc lude CO , released during the production of
cement, nitrous oxide resulting from th e application of fertilize  r, and met hane produced in
flooded fields associated with rice agriculture. Some opt ions exist for mitigating these
emissions and are included in th e High Electrification  scenario, such as substituting fly ash for
Portland cement used in making concrete, a nd increas ed efficiency in fertilizer application.
However, the mitigation potential in these categories is ex pected to be relatively limited
compar ed to other GHG emission sectors.

Discussion

Reducing methane emissions and other non -combustion emissions r  equires br inging down the
cost and increasing the adoption rates of known strategies , such as covering landfil Is and
manure lagoons and fixing pipel  ine leaks, as well as R&D and innovation to reduce emissions
from enteric fermenta  tion in cows and to reduce  emissions from cement production.
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Because of the high warming potential per molecu le of methane and F -gases, some mit igation
options in these sect ors can be cheap relative to reductions in CO, combustion emissions, when
compared in $/ton CO ,-equivalent. The averag e mitigation cost assumed in this study is near

zero, based on assumptions  from the Short -Lived Clim ate Pollu tant Reduction Strategy (CARB ,
2017). Costs of biogenic methane mitigation are assumed to be associated with bi ofuel
production thatisy ielded as a co-benefit of mitigation.

Some sources of non -combustion emissions are  likely very expensive to m itigate , such as

enteric fermentation  in cow s. Consequently, all mitigation scenarios assume that nearly 90%

reductions in combustion emissions by 2050 are neededt o achi eve Caltermhorni ads | ol
climate goals , since itis not re alistic to assume that 80% reductio ns in non -combustion

emission s will be achieved by 2050

Climate Change Impacts on the Energy System

The clima te impacts adapted for PAT HWAYS from Tarroja (2017) were incorporated in
PATHWAYS for the Reference, SB 350, a nd Mitigation scenarios. T hey were compared for the
Reference an d High Electrification ~ Scenario with comparison scenarios that excluded these

impa cts. In the High Electrifi cation Scenario, resulting differences in emissions and costs were
very small in mag nitude compared with the ¢ hanges as sociated with climate mitigat  ion: less
than $1B differences in costs and 1 MMT CO.e annually by 2050.

The relat ively small direct impacts  of climate change on the electricity system modeled in
PATHWAYS are partly the resu It of interactions with ¢l  imate mit igation: moving to a very low -
carbon electricity system reduces its vulnerability to the impacts consi dered her e. Higher total
loads due to electrification and the dominance of generation by solar, wind, and new energy

storage mean that the change s in hydr oelectric availability and th e shifts in building loads have
a proportionally smaller impact. In parti cular, th e increase in heating load s due to
electrification is much larger than the increase in air conditioning loads due to climate change
(Figure 22). Als o, while ¢ limate change will increase air conditioning demand more than it

decreases heating demand, causing a small net increase in load, the AC demand shape

coincides well with solargenerat i on, t he st atdardrene wabk energybsource. Space
heating dema nds, in contrast, peak at night and in the winter when solar availabilit y is lowest,
requiring ext ensive use of out -of -state wind and/or storage to fully integrate these demands.

Climate change will also redu ce the th ermal efficiency of conventio  nal therma | power plants

due to hotter temperatures.  Other research suggests that power plant peak efficienc y could

decline by 1-5% by mid -century in a conventional electricity grid (Bartos an d Chester, 2015, and

Jaglom, 2014) . However, this is inconsequen tial in th e low -carbon electricity system considered

in the mitigation scenarios.  Total gas generation is ve ry small (less than 5% of annual

generation in the High Electrification  Scenario) and is largely used as a backup resource when
solar and wind avail abiltyar e | ow: wi th Californiads abundant sol ar
occur a t night and in the winter, mitigating some of these effects of hotter temperatures on

thermal efficiency.
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This analysis is limited to  average, direct effects of climate chang e on the e lectricity system due
to climate change by mid -century. The effects of e xtreme events that damage infrastructure, as
well as the impacts of other changes in the California economy re sulting from climate

adapt ation or unavoidable damages, could be  much larg er in magnitude. Moreover, unabated
climate change would have much more severe effects laterinth e 21* century than by mid -
century.

Figure 22: Changes in Building Electricity Demand Due to GHG Mitigation and Climate Change
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Building electricity demands are shown for the High Electrification Scenario with and without climate change.

Source: E3
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CHAPTER 4:
Cost and Risk Analysis

Economy -wide High Electrificati on Scenario Costs

This ana lysis est imates the upfront, annualize  d capital investments and expected fuel costs and
savings associated with  the High Electrification Scenario.

In the High Electrification Scenario, whi ch meets Cal i forni a6usinggal i mate goal
reasonably likel vy, and re latively low -cost combination of strategies, the estimates range from

savings of $2 billion per year to net cos ts of $17 billion per year  in 2030, depending on the fuel

price and financing assumptions. The base cost assum ptions yie Id a net cost es timate of $9

billion peryearin2030, i n t oday 0 Figutkd@B)I This net cdst is equiva lent to less than a

half a percent of California gross s tate product in 2030. Furthermore, the uncertainty ran ge

around fossil fuel pric  es and fi nancing costs results in afu  ture net cost range that  spans zero.

Figure 23: Total 2030 Net Cost of the High Electrification Scenario Relative to Reference Scenario,
Excluding Climate Benefits (2016$, Billions)
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The net present value of the costs  of GHG mitigation is compared to the societal benefits
associated with reducing gr  eenhouse gas emissions. Us ing two different estimates of the future
benefits of avoided GHG emissions, the cli mate benefits of avoided e missions are found to
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likely be equal to, or much larger than the costs associated with reducing emissions ( Figure
24).8

Figure 24: 2030 and 2050 Annual Net Present Value of the High Electrification Case, Including
Climate Benefits (2016$, Billions)
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Climate benefits are calculated assuming 3% discount rate and using the 2016 U.S. government social cost of carbon.
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in ensemble of modeled climate benefits. Uncertainty ranges are based on PATHWAYS high/low fossil fuel price and
financing cost sensitivities.

Source: E3

Furthermore, the benefits of reducing emissi ons include not only direc  treducti ons in GHG

emissions, but als o indirect benefits, including: health benefits from reductions in ¢ riteria

pollut ants (e.g., Zapata et al., 2018), state leadership on a critical global issue, and technology

innovation and s upport for new domestic in  dustries . These indirect benefits are not quantif ied

in this study but have been evaluated in other resear ch (Seeforexampl e Cal i forniads 201
Climate Change Scoping Plan for a summary of these topics).

Incremental Carbon Abateme  nt Costs inthe High
Electrificatio n Scenario

One way to visuali ze the relative costs and GHG savings of the measures in cluded in a scenario
iswit h a ocar bon ab atuelntestype af figare,t he lifecycle costs, net of fuel

8 This a ssumes a 3% discount rate and uses the 2016 U.S. government social cost of carbon, which escalates a sa
function of emissionsyear . 0 Bas ee chleinneafti t s 6 avemgelsacisleast ofocarbon , corresponding to
$58/tCO . in 2030 and $79/tCO .in2050 . H6gh <cl i mat e benethe 35% gercentle irbeaserebte ofonodeled
climate benefits , corr esponding to $175/tCO . in 2030 and $244/tCO . in 2050 . Uncertainty range s are based on
PATHWAYS high/low fossil fuel price a  nd financing cost sensitivities
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savings, of a giv en GHG mitigation measure are compared to the counter -factual lifecycle costs
in the Reference case. This cost (or savings) resul tis then divided by the GHG savings of the
measure, compared to a Reference case , to create the cost per ton of GHG savings .9

The approximate cost per  ton of GHG mitigation is estimated for a suite of measures in the

High Electrification  scenario , based on a total resour ce cost metric , net of fue | savings , relative
to the Reference scenario . This means that the cost estimates ex  clude incentives, and refl  ect
estim ates of total costs, rathert han participant costs or utility costs. For each measure, the
High Electrification scenario assumption is re verted back to the Reference scenario assumption.
This produces an estimate of the incremental cost and green  house gas savings of each measure
in t he High Electrification scenario , summarized for 2030 and 2050 in Figure 25 and Figure 26.

Figure 25. 2030 Incremental Carbon Abatement Cost Curve (Total Resource Cost per Ton of GHG
Reduction Measures, Net of Fuel Savings), in the High Electrification Scenario
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The incremental cost per ton of GHG savings for the High Electrification Scenario measures are relative to Reference
Scenario measures (2016 $/ton CO.e), see Appendix Table A-3 for more details. Costs are based on a total resource cost

assessment, net of fuel savings. Cost estimates are highly uncertain and do not represent a cap-and-trade market price

9 While this metric is a useful way to compare the costs and savings of measures within a given analysis, due to the
many differences in approa ch that can be used to calc ulate this metric, it is difficult to compare carbon abatement
costs across differenta nalyses without a full understanding of all of the assumptions used to develop the cost metric.
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forecast. Incentives are not reflected in the cost estimates. Emission reductions do not add up precisely to the total GHG
reductions in the High Electrification Scenario because of interactive effects between measures.

Source: E3

Future cost estimates are  highly uncertain, and the precis e results show n in the incremental

carbon abatement cost curves should be considered as indicative. With that caveatin mind, we

broadly findthat conventi onal building energy efficiency and 0s
(modele d largely as a reduction in light -duty veh icle miles traveled ), are estimated to be among

the lowest cost sources of carbon abatement in the 2030 timefra me. In the High Electrifi cation

scenario, m itigation of methane, F -gasses and other non -combustion emi ssions save nearly as

much GHGs as fully -balanced and delivered renewab le electricity , at a lower cost perton . The

most expensive mitigation measures on a cost per ton basis int his scenario come from

additional GHG mitigation from the industrial sector, advance d biofuels and zero -emissi on

trucks .

The 2050 incremental carb on abatement cost curve for  the High Electrification Scenario  is

shown in Figure 26 below. In addition to the cost per ton of the measures included in the High

Electrification Scenario, Figure 26 also inc ludes an estimate of the cost per ton of additional

mitigation measures that are n ot included in the  High El ectrification  scenario, but which are

tested in the Alternative Mitigation scenarios . These measures (shown in grey) may be necessary
tomeetthest at eds 2050 GHG goal i f the full mitigation pot el
measur es assumed in the High Ele ctrification scenario is not realized.
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Figure 26: 2050 Incremental Carbon Abatement Cost Curve (Total Resource Cost per Ton of GHG
Reduction Measures, Net of Fuel Savings), in the High Electrification Scenario

$1,600 -
’ ) Additional Hydrogen Trucks
+ Figure represents incremental total resource
$1.400 - net cost per ton of GHG mitigation in the Base
Mitigation scenario, compared to Reference Power-to-Gas
scenario measures. Additional Biofuels
$1,200
+ Costs do not represent CO2 market price \
forecast nor participant costs. Wdustrisl Electrification
$1,000
8 S800 Biofuels
3
S
& 5600
®
B
:S:
= S400
2 Truck Portfolio
"E Industrial EE Renewable Electricity
S 5200
=
S Non-Combustion
100 200 300
LDV ZEVs Heat Pumps
Emissions Reduction (MMT CO,e)
-5200
EE,
-5400 Smart
Growth
-5600 -

The incremental cost per ton of GHG savings for the High Electrification Scenario measures are relative to Reference
Scenario measures (2016 $/ton CO.e), see Appendix Table A-4 for more details. Costs are based on a total resource cost
assessment, net of fuel savings. Cost estimates are highly uncertain and do not represent a cap-and-trade market price
forecast. Incentives are not reflected in the cost estimates. Emission reductions do not add up precisely to the total GHG
reductions in the High Electrification Scenario because of interactive effects between measures.

Source: E3

The incremental total resour  ce cost estimates are even more unc ertain in 2050 than in 2030,

and are intended to qualitatively illustrate three diff erent cost regimes for long  -term mitigation
strategie s. The left -most tranche includes building energy efficiency and smart growth, which is
expected to be a large source o f near -term GHG abatement and a long -term source of cost
savings, but which will del iver a relatively small amo  unt of incremental GHG aba tement by 2050
as fuels become decarbonized. The middle tranche includes most of the  remaining strategies
used in the High Electrification scenario: electrification, renewable electricity, and non -

combus tion emission reductions. Z  ero-emission vehicles and heat pumps are expected to be
relatively inexpensive by 2050  because of declining ca pital costs (for vehicles) and incr easing
fuel savings (for both  technologies). Renewable electricity makes up the larg  est single source of
GHG savings . The renewables bar shown above averages costs over an embedded renewable
supply curve that becomes stee p as more and more renewab le integr ation is needed. The third ,
right -most tranche, including advanced biofuels as well as additional strategies unused in the
High Electrifi cation scenario, consist of options for decarbonizing difficult -to-electrify end use s.
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These cost estimates mask a great deal of uncertainty in futu re cost estimates and will likely
change as better info rmation becomes available. Heat pump and zero -emissio n vehicle
incremental costs are highly sensitiv. e to assumptions about equipment capi tal costs, financing
costs, and the costs of displaced fossil fu  els. Methane mitigation costs  are relatively low
because some of the costs of avoi ding biogenic methane emis sions are attributed to biofuel
costs here. Electricity and storage capital costs ha  ve been declining rapidly ~ while fut ure cost
declines remain unce rtain . Costs of zero -emission trucks are poorly knowna s few models are
commercial ly available. Biofuel cost s are high because supply is assumed to be limited relative

to demand, resulting in ~ high market clearing price s; in add ition, no innovation is assum ed in
biofuel conversion pathways  over time. These cons ervative biofuel conversion  pathways
assumptions are being updated as part of on  -going PATHWAYS analys es. Finally, hydrogen and
power -to-gas (synthetic methane) incremental costs depend on whether the  production of these
energy carriers is from California  -sourced grid electricity (a s is assumed here) , or fro m other
sources, and the extent to which they can provide a grid flexibility benefit  that offsets more
expensi ve forms of energy storage . Because of limited commercial availability of hydrogen and
power -to-gas synthetic methane, t he capital costs and perfo rmance of these technologies
remains uncertain

GHG Mitigation Risk and GHG Mitigati on Cost in Alternative
Mit igation S cenarios

The annual net cost s resulting from  the Alternative Mitigation scenarios are compared in Figure

27 mit igation measures are compared across all these scenarios in Appendix A. The High

Electrification scenario is a mong the lowest cost scenarios, however,t he oO0No Hydr ogeno
scenari o and the OHi gh Bi of ue lowecostin 2060 Allioto sherar e bot h
scenarios had higher cost s than the High Electrification  scenario.
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Figure 27: Incremental Cost of All Mitigation Scenarios Relative to Reference
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Billion 20165

Costs are in 2016 billions of dollars

Source: E3

ThedNo Hydr ogend iesanea highly elextrifiecevehicle fleet as well as industrial
electrification in o rder to meet the 2050 GHG  goal with out the use of hydrogen fuel,  which may
be slightly higher risk than the more diversified transportation st rate gy embedded in the High
Electrification scenario. The costs and resource potential for industrial electrificat ion are
particularly uncer tain, whi ch is why industrial electrif ication is excluded from the High
Electrification scenario.

The 0Hi ghs oRemsarib is lewer costthan the High Electrification  scenario because it

assumes that purpose -grown biomass cro ps, such as miscanthus, ar e availab le at relatively low

cost as a zero -carbon fuel. This strategy may be lower cost than relying on higher ado ptio n

rates of zero -emission v ehicles and renewable generation, and using only sustainable biomass

waste products for biofuels, as is assume dinthe High Electrification scenario . It could be

achieved at even lower costs than shown here  with continued inno vati on and efficiency

enhancem ents for biomass conversion processes.However, the OHi gh Biofuelso6 s
determined to be higherr isk, due to concerns about the long -term availability and sustainability

of growing crops for biofuels.

The No Build ing Electrification with Power -to-Gas scenario is found to be among the most
expensive Mitigation scenario in 2050 due to the high expense o f providi ng renewable natural
gas with relatively limited biofuels . This finding , however, could change if higher increm ental
retrofit costs to in  stall heat pumps in existing buildings were assumed in the other scenarios .
Also, producing hydrogen from rene  wable fue Is and synthetic methane deri ved from a
renewable source of CO , are reach technolog ies that ha ve yet to be comm ercially deployed, so
cost estimates for this scenario  are highly uncertain.
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In terms of technology costrisk  , the largest single contr ibutorto keepi ng Cal i forniads Gl
mit igation costs reasonable is the wide scale use of renewable generation and zer  0-emissions

light duty vehicle s . In fact, it does not appear to be possible
GHG mitigation goals at current  levels o f renewable deployment. This  makes sense given that
all Mitigation scenarios rely heavily on fuel -switching to low -carbon electricity as a central GHG

reduction strategy.

While it does appear to be possible to meet the s tateds 2030 GHGalwtihtRéefegemdei o n

levels of ZEVs, itis not possible to meet the 2050 target without nearly complete deploymento f

ZEVs. This makes sensegiven t hat today6s | ight duty vehicles repres:é
of greenhouse gas emissions in the state . Other k ey strategies for reducing th e cost of GHG

mitigation in the 2030 timeframe include smart growth (reducing vehi cle miles traveled),

electric heat pumps in buildings, methane capture, and biofuels (Figure 28).

Figure 28: Cost Savings Associated with Each GHG Mitigation Strategy (2016$, Billions)

R e bl e Y | ————— *

Zero emissions vehicles + 4

Electric heat pumps
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Out-of-state renewables*
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Smart Growth m 2050
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Cost savings of each GHG mitigation strategy are estimated by comparing the cost of Alternative Mitigation Scenarios to
the High Electrification Scenario. * The cost savings associated with out-of-state renewables are estimated using
RESOLVE model results, rather than PATHWAYS model results. ++ The cost savings associated with renewable electricity
and zero-emission vehicles in 2050 are estimated using sensitivity model runs in which these mitigation strategies are
reverted back to the Reference level assumptions. The cost savings associated with these two measures exceed the
values shown on the chart since it does not appear to be possible to meet the 2050 GHG goal without significant
deployment of each technology.

Source: E3

59



In Figure 28, the c ost savings of each GHG mit igation strategy are estimated by comparing the
cost of Alternative Mitigation Scenarios to the High Electrifi cation Sc enario .10 Each scenario is
designed to isolate a change in one mitigation strategy, if that strategy does not suc ceed as
hoped. Additional  mitigation strategies are added to ensure that the 2030 and 2050 GHG goals

are stil | achieved, which results  in the ad ditional cost associated with that scenario.

Discussion of Alternative Mitigation Scenario Costs and Uncertaint ies

If less expensive GHG mitigation strategies  prove to be unachievable at the scale assumed in the

High Electrification Scenario, more expen sive alternatives would be necessary to compensate.

Within the scenario design framework employed in this analysi s, the effect of removin g some

GHG mitigation strategies and compensating with others is tested in the Alter native Mitigation

scenario s, includ ing the measures not found to be cost -effective in the High Electrification

Scenario. Available alternatives are  selected sequentially from this limited and upward -sloping

supply curve, meaning that  reducing or excluding GHG mitigation strategi es from a sc enario,

that are responsible for large quantities of CO , abatement in the High Electrification  scenario ,

resulti n relatively expensive Alternative Mitigation Scenarios. Other studies (e.g., Yang et al.,

2016) have simila rly found that marginal economy -wid e mitigation costs could be m  uch higher

than average costs. It is difficult to predict with confidence whether an d where an o0inflecti
pointd exists in the supply curundersdormgthed émpar tabceofi zat i on i
flexible polic y implementa tion that can incorporate  better information as it becomes available.

Two key alternative mitigation strategies a re used in these scenari 0s when other mitigation

strategies fall short: hydrogen fuel cell trucks (fueled by hydrogen produced via grid

electro lysis) and industry electrifi cati on. These strategies are classifie
in this study, meani ng that they could be qu ite expensive but necessary to reach the 2050 goals.

If progress is made in commerci  alizing these strategie s and reduci ng costs, or if other

alterna tives become available that are not modeled here, that could reduce the cost of

alte rnative mitigation scena rios relative to the  High Electrification  scenario.

Several other key assumptions co uld change the rank ord er of the scenario cost savings as
better information becomes available . Biofuels could be available at lower cost than model ed
here with progress in increasing biofuel conversion yields , or if sustainability concerns with
purpose -grown crops are addressed . Alternativ ely, other jurisdictions  may continue to lag
California in  decarbonizing their economies, making more of the glob al biofuel supply availa ble
to California.

Finally , this analysis did not evaluate  orinclude costs associated with retro fitting exis ting

buil dings for electric heating, ¢ ooking, and clothes drying . More research is needed to
understand the costs of retro  fitting existing buildin  gs to electric alternatives. Including these
costs would reduce the relative cost of  strategies th at instead r ely on de carbonizing the existing
gas pipeline. Likewise, this study did not include the costs of retrofitting natural gas pipelines

10 The exception is the case of renewable elect  ricity and zero emission ve  hicles, for which the cost savings are
estimated using sensitivity model runs in which these mitigation strategies are reverted back to the Reference level
assumptions.
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to accommodat e a blend of hydrogen and methane (only applicable in the No Building

Electrificatio n with Powert o Gas Scenario). Futu re costs associated with prod  ucing hydrogen
and synthetic methane, as well as blending hydrogen into the natural gas pipeline are uncerta in
and need further research. Building retrofit costs, as well as hydrogen, biometh ane and

synthe tic methane costs, are likely to decline over time  with a market transformation effort.

Finally, this study emphasizes the total reso urce cost metric that ag gregates statewide costs

and benefits , explicitly excluding the impact of state ince ntives and wit hin -state tr ansfers, such
as the impact of cap -and-trade, the LCFS, and utility energy efficiency programs . Costs borne by
individual households could differ ~ markedly from the average, and these impacts could differ
for different mitigation s trategies, as well as bein g depende nt on policy implementation. The
Berkeley Economic Advising and Research ( BEAR) team evaluated potential costs an  d benefits of
these deep decarbonization scenarios to low  -income and disadvantaged communities in

California . Further rese arch could i nvestigat e the specific cost implicati  ons of specific state
policies on individuals and businesses. Furthermore, developin g better models to predi ct and
understand consumer behavior and consumer choices under different cost regime s could lead
to the develo pment of different GHG mitigation scen  arios.
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CHAPTER 5:
Conclusions

This research has evaluated long -term energy scenario s in California using a variety of

mitigation strategies and technologies. These findings highlight the impo rtant role tha t

consumer d ecisions, households and businesses, will pl ay i n meeting the stateds
near-term and long -term GHG goals.

Supply -side energy policies ha ve been very successful at increasing the use of renewable

electricity and renewable  fuels in Cali fornia, howe ver, thes e policies will not be suffic  ient.

Consumer decisions are important to improve the energy efficiency of the state 6s existing
building sto ck, to reduce vehicle miles traveled, to purchase and drive zero -emission vehicles,

and potentiall y to switch to electr ic space heating and water he ating options in their homes and

businesses.
To accomplish this low -carbon energy transition, carbonprici ng, through the stateos
trade program will play an important role. Likewise, additional ma rket transfo rmation e fforts,

and regional policy i nitiatives, will be needed.

Through the evaluation of  these ten scenarios, priority GHG mitigation strategi es are identified
and grouped into three categories: 1) strategies requiring widespr ead scale-up of technology
deployme nt in the near -term; 2) strat egies requiring market transformation to achieve

wi despread depl oymbnot it eahdoB)d g e mobyatwilelycdmme rrcialized |,
but whichmay be required t o achi eve t30&HGdoast parlicalarl2 O if some
mitigation strategies fall sh  ort of expectations (Table 8).

High pri ority strategies f or deployment include en ergy efficiency in buildings and industry,
renewable electricity and renewable integ  ration solutions, and smar  t growth leading to near -
term reductio ns in light -duty vehicle miles traveled. By 2050, 85% to 95% zero -carbon electricity
is expected to be requi red; however, 100% zero -carbon electricity is likely to be cost prohibitive
compared to alternative GHG mitiga tion stra tegies.

High priority strate  gies that require additional market transformation include deploym ent of
zero -emissi on light duty vehicles, advanced energy efficiency in buildings, including building
electrification, replace ment of fluorinated gases  with less potent global warming potent ial
gases, and capture of methane emissions.

Finally, at least on e reach technology is likely to be require d to achieve the 2050 mitigation

goal. Examples of reach technologies that provide s olutions in hard -to-electr ify secto rs include

advanced, sustaina ble biofuels, zero -emission heavy -duty long -haul trucks, industria |

electrification and hydrogen production  using electrolysis.  The priority strategies shown in

Table 8 are based on the costs and risks to achievingth e st dohgetéris 2050 climate goal

evaluated through this reach. Th evidedla8®nead itetdmetriat i ve met
to evaluate w hether the state is on track to meet the long -term climate goals.
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